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ABSTRACT
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The recent surge in shale gas production throughout the United States has led to increased
interest in hydrocarbon upgrading such as C—H bond activation and light hydrocarbons
conversion to fuels. Methane and other light alkanes in natural gas can be potentially converted
into light olefins, which can be further utilized as basic building block for valuable chemicals or
upgraded to long-chain hydrocarbons used as fuels.
In the first work, kinetic study on Mn/Na2WO4/SiO2 catalyst for oxidative coupling of
methane (OCM) into ethane and ethylene were performed with varying Mn (0-2 wt%) and W (03.1 wt%) loadings. When the W loading was varied from 0 to 3.1 wt% (Mn kept at 2 wt%), C2
formation rate increased from 0.2×10-6 to 0.9×10-6 mol m-2s-1 at 730 °C. When the Mn loading was
increased from 0 to 2 wt% (W kept at 3.1 wt%), C2 formation rate increased from 0.2×10-6 to
1.2×10-6 mol m-2s-1 at 0.2 wt% Mn, and decreased slightly when Mn loading was further increased
at 730 °C. Apparent activation energy also increased from 140 to 210 kJ mol-1 after adding W into
2%Mn/0.78%Na/SiO2. These results indicated that new active sites are generated when both Mn
and W are present on the catalyst surface. Co-feeding water changed both apparent activation
energy and orders of methane and oxygen, indicating that measured kinetics of OCM can be
affected by water, one of the products from OCM reaction. Both 2%Mn/0.78%Na/SiO2 and
3.1%W/0.78%Na/SiO2 catalysts showed rates of 0.2×10-6 mol m-2 s-1 for C2 formation when tested

xviii
separately. After they were physically mixed and tested for OCM reaction, the C 2 formation rate
was 4 times higher. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX) elemental mapping were performed on the physical mixture after reaction,
and

they

revealed

that

W

migrated

from

3.1%W/0.78%Na/SiO2

particles

onto

2%Mn/0.78%Na/SiO2 particles, but Mn did not. These results showed the catalytic activity of the
physical mixture should come from the particles that have both Mn and W after migration of W. It
is therefore concluded that both Mn and W are required to form the active sites on
Mn/Na2WO4/SiO2 for oxidative coupling of methane.
The second study focused on how higher turnover rate (TOR) and selectivity to olefins can
be achieved by alloying Pd or Pt with other inactive metals during light alkane dehydrogenation.
These changes in catalytic performance have been attributed to geometric and electronic effects
from alloy formation. In this work, during ethane dehydrogenation at 600 °C, PdIn/SiO2, PtIn/SiO2,
and PtZn/SiO2 showed ~100% C2H4 selectivity at 15% conversion and five to ten times higher
steady-state TOR enhancement compared to monometallic Pd/SiO2 and Pt/SiO2 with only 53% to
74% C2H4 selectivity at 15% conversion. Apparent activation energy was determined to be ~75 kJ
mol-1 for Pt/SiO2, while Pd/SiO2 exhibited more than 90% deactivation and apparent activation
energy was not able to be measured. However, bimetallic PdIn/SiO2, PtIn/SiO2 and PtZn/SiO2
catalysts showed apparent activation energy from 95 to 137 kJ mol-1, higher than those of
monometallic catalysts. Synchrotron X-ray Diffraction (XRD) and X-ray Absorption Spectroscopy
(XAS) were used to identify Pd1In1, Pt3In, PtIn2, and Pt1Zn1 intermetallic alloys in these bimetallic
catalysts, causing geometric modification to form isolated Pd and Pt catalysts, and increase
ethylene selectivity by suppressing hydrogenolysis pathway as shown in the experiments. Potential
electronic effects of the inactive metal on the Pt atoms within intermetallic structure were probed
by X-ray Absorption Near Edge Structure (XANES) and Resonant Inelastic X-ray Scattering
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(RIXS), and were supported kinetically by the higher apparent activation energies and TORs for
intermetallic Pt1Zn1, Pt3In, and PtIn2 compared to monometallic Pt during ethane dehydrogenation.
In the third study, the effect of proton density on propylene oligomerization kinetics and
product distribution was investigated over H-ZSM-5. Propylene oligomerization product
selectivity was measured at 1 bar total pressure under steady state or by extrapolating to zero time
on stream to compare among H-ZSM-5 with Si/Al ratio varying from 12 to 140. Oligomer product
(C6, C9, C12) selectivity was found to decrease with increasing Si/Al ratio when compared under
similar reaction conditions and conversions. Propylene oligomerization rate per proton site was
shown to increase with increasing Si/Al ratio under steady-state 0.6% conversion. Apparent
activation energy was shown to increase from 71 to 183 kJ mol-1, while apparent propylene order
decreased from 0.82 to –0.37 as Si/Al ratio increased from 12 to 140 between 25 and 75 kPa
propylene partial pressure. Apparent propylene order was also determined with propylene partial
pressure from 50 to 310 kPa, and a similar trend was observed. Our current interpretation is that a
higher proton density favors oligomer product formation relative to cracking products, while lower
propylene oligomerization rate per proton site may be due to limited space to accommodate the
products within the H-ZSM-5 open pore volume with a lower Si/Al ratio.
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CHAPTER 1. INTRODUCTION

Natural gas proven reserves in the world are estimated to be approximately 7600 trillion cubic
feet. Based on the current consumption rate, it can last about 100 years for use in the world [1],
[2]. The abundant shale gas has become an important source of natural gas supplies in recent years
because of the technological advances in hydraulic fracturing (fracking) and horizontal drilling.
Natural gas and crude oil are extracted more cost-effectively by horizontal drilling than traditional
vertical drilling as the rock formations are cracked by pressurized cracking liquid with hydraulic
fracturing technique. The natural gas production in the U.S. is projected to increase from 27 trillion
cubic feet in 2015 to 35 trillion cubic feet in 2030, mainly from the increase in shale gas production
[2]. As the demand for light hydrocarbons from natural gas is not keeping up with the supply,
efficiently and responsibly utilizing the substantial amount of shale resource requires development
of new chemical processes and catalytic technologies.
Natural gas consists of methane (87.0 – 96.0%), ethane (1.8 – 5.1%), and propane (0.1 – 1.5%)
with varying concentrations of other light paraffins, carbon dioxide, etc. [3] Though some
processes for methane conversion already exist and have been applied in industry such as steam
reforming and Fischer-Tropsch to produce higher hydrocarbons, these processes are relatively
energy-intensive and require high capital cost to operate [4]. Ethane and propane can be upgraded
more easily than methane by processes such as steam cracking and propane dehydrogenation into
light olefins, i.e. ethylene and propylene, the two most-produced building blocks in chemical
industry. Light olefins serve as feedstock not only for plastics material production, such as
polyethylene and polypropylene, but for potential diesel fuel synthesis via oligomerization.
However, propylene and longer olefins (C4 and C5) are typically used for oligomerization instead
of ethylene because higher temperature is required to activate ethylene [5][6].
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To be specific, this thesis has focused on kinetic studies and catalyst characterization to study
the catalytic reactions for upgrading the components found in natural gas. The first chapter
discusses how kinetics along with Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDX) give an insight on the active site over Mn/Na2WO4/SiO2 for oxidative
coupling of methane (OCM). The second chapter focuses on the geometric effect and potential
electronic effect of intermetallic alloy nanoparticles on ethane dehydrogenation. Synchrotron Xray Absorption Spectroscopy (XAS), X-ray Diffraction (XRD), and Resonant Inelastic X-ray
Scattering (RIXS) were used to characterize the intermetallic alloy. The last chapter studies the
effect of proton density in H-ZSM-5 on kinetics and product distribution in propylene
oligomerization. Kinetics under differential conversion at 1 bar and 4 bar total pressure were
measured to compare propylene oligomerization turnover rates and product distribution among
commercial H-ZSM-5 with Si/Al ratio ranging from 12 to 140, while SEM and NH3-Temperature
Programmed Desorption (TPD) were employed to measure crystal size and quantify proton sites,
respectively.
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CHAPTER 2. UNDERSTANDING THE ACTIVE SITE AND WATER
PROMOTING EFFECT OVER MN/NA2WO4/SIO2 CATALYST FOR
OXIDATIVE COUPLING OF METHANE

2.1 Introduction

As the exploration of shale gas continues, natural gas has become a sustainable energy and
chemical resources in the U.S. According to Energy Information Administration (EIA),
approximately 2355 trillion cubic feet (Tcf) of natural gas is technically recoverable in the U.S. as
of January 1, 2015. At the rate of 27.3 Tcf per year in 2015, it is enough to last about 86 years [7].
Conversion of natural gas (or methane, major component) to liquid fuels and valuable chemicals
becomes very attractive and substantial studies have been reported in the literature [8][9].
Various approaches for natural gas (or methane) conversion have been investigated, including
oxidative coupling of methane [10], direct methane oxidation to methanol [11], methane
aromatization [12], natural gas gasification and Fischer Tropsch synthesis [13][14]. Among these
routes, oxidative coupling of methane offers a promising direct way to produce ethylene, the world
largest produced organic chemicals and valuable building blocks for other chemicals and liquid
fuels [14][15].
Oxidative coupling of methane has been studied for many years since the first discovery of
this method by Keller and Bhasin in 1982 [10]. The oxidative coupling of methane chemical
equation is shown below:
1

2𝐶𝐻4 + 2 𝑂2 → 𝐶2 𝐻6 + 𝐻2 𝑂

∆𝐻298𝐾 = −176.6 𝑘𝐽 𝑚𝑜𝑙 −1

Eq. 1
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Hundreds of catalysts have been investigated and these catalysts are categorized into five
groups by Lunsford [15]: 1) highly basic pure oxide, including early members of the lanthanide
oxide; 2) group IA and IIA ions supported on basic oxides, such as Li/MgO, Ba/MgO and Sr/La2O3;
3) monophasic oxides; 4) transition metal oxides that contain group IA ions, and a good example
is Mn/Na2WO4/SiO2; 5) any of these catalysts promoted with chloride ions. Among these catalysts,
Mn/Na2WO4/SiO2 has been shown to be a very active and stable catalyst. Maximum C2 yield of
27% was reported by Ghose et al. and the ethylene/ethane ratio was 3.6 using modified 5%La10%Na2WO4-5%Mn/SiO2 [16]. This type of catalyst has been shown to be stable with time on
stream of 450 h under the conditions: 800-875 C, CH4:O2:H2O = 6:1:3 [17]. Even though this
catalyst showed superior performance, the product yield still does not reach the commercial target
(C2 yield, >30%) [18].
To further improve this catalyst or design a new catalyst, active sites on this catalyst should
be fully understood, and a strong debate still exists in the literature. Lunsford’s group compared
the catalytic behaviors over Mn/Na2WO4/SiO2, Mn/Na2WO4/MgO and NaMnO4/MgO. They
suggested that Na-O-Mn species were the most possible active sites based on similar catalytic
behaviors among these catalysts [19]. However, they also reported Na2WO4/CeO2 (no Na-O-Mn
site) produced comparable C2 yield under similar conditions [20], and NaMnO4/SiO2 (with Na-OMn site) has been shown to produce much less C2, both of which indicate Na-O-Mn is not the
active site, contradicting with his own proposal about the active sites. In contrast, Wu et al. [21]
proposed a redox mechanism involving a W6+/W4+ couple as the active sites based on the
assumption that lattice oxygen O2- is responsible for the activation of methane, which has been
shown incorrect [19][22]. And the role of Mn during methane activation was overlooked.
In this work, we aim to have a better understanding of the role of Mn and W in the active sites
for oxidative coupling of methane. Kinetic studies by varying the loadings of Mn and W under
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conditions with and without water co-feeding were performed. Physical mixture experiment with
Na/Mn/SiO2 and Na2WO4/SiO2, SEM, and EDX elemental mapping were carried out to further
confirm the importance of both Mn and W in the active sites for methane activation.

2.2 Experimental Methods

2.2.1 Catalyst Preparation
Mn/Na2WO4/SiO2 catalysts with varied Mn or W loadings were prepared by sequential
incipient wetness impregnation (IWI) method. SiO2 (Fisher Chemical, silica gel, 100-200 mesh)
was sieved to obtain particles between 125 and 250 μm to serve as the support. Aqueous solution
of Mn(NO3)2‧4H2O was added to silica drop by drop for desired loading of Mn, followed by
drying under vacuum at room temperature for 8 h. Aqueous solution of Na2WO4 was then added
to the support drop by drop for desired loading of W, followed by drying under vacuum at room
temperature for 8 h. The percentage of the loading in the following results and discussion indicates
weight percentage unless otherwise stated. If more Na loading was needed to make the Na loading
equal among the catalysts with varied W loading, NaOH aqueous solution would be added to the
sample drop by drop, followed by drying under vacuum overnight. After loading all the
components and drying, the sample was calcined in air at 800 C for 8 h.

2.2.2 Kinetic Measurement
Kinetic measurement was carried out in a quartz U-shape fixed-bed reactor with 1/2-in ID.
After 0.2 g catalyst (125-250 μm) was loaded in the reactor, the rest of the space was filled with
quartz chips (0.25-1.4 mm) to reduce the free volume in the reactor. A thermocouple well and a
thermocouple were placed to the bottom center of the catalyst to measure catalyst temperature.
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Thermocouple can be moved up to measure the temperature along axial direction during reaction
to make sure no significant temperature gradient was present. A tubular furnace was used to control
the temperature for the reaction. The products were analyzed with Hewlett Packard 5890 Series II
gas chromatograph TCD. Water, produced during OCM, was condensed in an ice-water batch
before products were injected into GC.
In experiments without co-feeding water, the reaction mixture consisted of 40% CH4, 20%
O2 and balance N2 as the inert gas, and the total flow rate was 50 cm3/min. Before performing
OCM reaction, the catalyst was pretreated by increasing the temperature to 800 C with 50 cm3/min
air, and keeping the temperature at 800 C for 30 min, followed by flowing reaction mixture for 2
h stabilization at 800 C. After this stabilization, the temperature was lowered to 730 C so that
differential conversion could be achieved and C2 formation rates were measured. The apparent
activation energy was measured by varying the temperature over a range of 30 C, with the
concentrations kept at 40% CH4, 20% O2 and balance N2. The apparent reaction orders with respect
to the reactants were measured by varying one gas concentration at a time (36-48% CH4, 12-24%
O2) at 730 C.
For water co-feeding experiments, a saturator was installed before the reactor to feed water
vapor together with the reaction mixture into the reactor. The saturator was wrapped with a heating
tape to control the water flow rate by changing the temperature of the saturator. The reaction
mixture consisted of 40% CH4, 16% O2, 30% H2O, and balance N2 at a total flow rate of 50
cm3/min. The pretreatment and stabilization steps were the same as the experiments without cofeeding water. The apparent activation energy was measured by varying the temperature over a
range of 30 C, with the concentrations kept at 40% CH4, 16% O2, 30% H2O and balance N2. The
apparent reaction orders with respect to the reactants and water were measured by varying one gas
concentration at a time (32-44% CH4, 10-18% O2, 22-36% H2O) at 710 C.
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2.2.3 Catalyst Characterization
Surface areas were measured by N2 physisorption using a Micromeritics ASAP 2020
instrument. Degassing was performed at 200 C for 5 h before N2 physisorption to remove any
condensable vapors. Reaction rates were normalized by surface areas to obtain the rates per surface
area.
X-ray diffraction (XRD) patterns of the catalysts were obtained by using Rigaku Smartlab
diffractometer with Cu Kα at 40 kV and 44 mA. Catalyst samples were mounted on zero
background sample holders at room temperature for measurement. XRD patterns were used to
identify the crystallographic phases present in the catalysts.
Scanning electron microscopy (SEM) studies were performed by using FEI Quanta 3D FEG
Dual-beam SEM. SEM was used to characterize the morphology of the catalyst surface. Elemental
mapping analysis of the catalyst surface was carried out by using Oxford INCA Xstream-2 energy
dispersive X-ray spectroscopy (EDX) with silicon drift detector.

2.3 Results

2.3.1 Kinetic Measurement without Water Co-feeding
To avoid high background reaction (in the gas phase), quartz chips were used to fill the reactor
to reduce the free volume. As shown in Table A2.1, 1.7% methane conversion was observed
without catalyst at 730 C. After adding catalyst (0.2g, 2%Mn/5%Na2WO4/SiO2), the conversion
was increased significantly from 1.7% to 13.9% at 730 C, and the C2 selectivities were also nearly
3 times higher than the blank reaction. Similarly, methane conversion increased from 1.0% to
11.0% at 720 C. With quartz chips, the background reaction can be considered negligible
compared to experiments with catalysts and the background C2 formation at the same temperature
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was subtracted from the C2 formation to calculate C2 formation rate related to the catalysts in the
following study.
Mn/Na2WO4/SiO2 has three important components supported on silica, Mn, W and Na in the
oxide forms. Palermo et al. [23] found that the major role of Na is helping the support to transform
from amorphous silica to α-cristobalite. Within a large range of Na concentration, methane
conversion and C2 selectivity did not change significantly [24]. Therefore, for this study, Na
concentration was kept constant at 0.78% to simplify the kinetic measurements. W and Mn
loadings were varied from 0 to 3.1% and 0 to 2%, respectively, one at a time.
W loading was varied first while keeping Mn loading at 2%. The apparent activation energies
are shown in Figure 2.1(a). When there was no W, the apparent activation energy was 140 kJ mol1

. Once W was loaded onto the catalyst, the apparent activation energy increased significantly by

approximately 70 kJ mol-1 and then remained around 210 kJ mol-1. C2 formation rates for the
catalysts with varying W loadings are shown in Figure 2.1(b). It increased from 0.23×10-6 mol m2 -1

s with 0% W loading to 0.89×10-6 mol m-2s-1 with 3.1% W loading, a nearly four-time increase.
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(a)

(b)

Figure 2.1 Apparent activation energy vs. W loading (Mn loading was kept at 2% and Na loading was at 0.78%), with
gas composition of 40% CH4, 20% O2, and balance N2. Apparent activation energy was measured between 730 and
760 C for 0% W sample, 710 and 740 C for 0.25 and 0.5% W samples, and 700 and 730 C for 1.0, 1.7, and 3.1 %
W samples, 1 atm; (b) C2 formation rate vs. W loading with gas composition of 40% CH4, 20% O2, and balance N2 at
730 C and 1 atm.

To further confirm the importance of Mn in the active sites, Mn loading was also varied while
keeping W loading at 3.1%, and C2 formation rates are shown in Figure 2.2. When there was no
Mn on the catalyst, the C2 formation rate was 0.21×10-6 mol m-2s-1, similar to the rate of the catalyst
with only Mn. After adding Mn, C2 formation rate gradually increased to 1.15×10-6 mol m-2s-1 at
0.2% Mn loading. When Mn loading was further increased, C2 formation rate decreased, indicating
extra Mn is not contributing to the formation of active sites and probably covering the active sites.
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Figure 2.2 C2 formation rate vs. Mn loading (W loading was kept at 3.1% and Na loading was at 0.78%) with gas
composition of 40% CH4, 20% O2, and 40% N2 at 730 C and 1 atm.

2.3.2 Kinetic Measurement with Water Co-feeding
Products (C2H4, C2H6, CO, CO2, H2O, etc.) may have inhibiting, promoting or no effect on
C2 formation rate during oxidative coupling of methane. There are very few studies on the product
effect for this reaction. Takanabe and Iglesia found no detectable effects of ethane or ethene on the
rates or selectivities, and CO and CO2 are also kinetically irrelevant to C—H bond activation.
However, they found that water has a promoting effect on methane conversion rates and C2
selectivity [25]. Here we further examined water promoting effect on reaction kinetics by cofeeding water with the reactants.
Water order was measured by using 2%Mn/0.78%Na/0.25%W/SiO2 catalyst to understand
promoting effect quantitatively. The water order was determined to be 0.45 ± 0.08 (Table 2.1),
which indicates that water does have a promoting effect on methane conversion. Apparent
activation energies, methane orders and oxygen orders were also measured with or without cofeeding water (Table 2.1). Activation energy decreased from 211 ± 20 kJ mol-1 to 172 ± 6 kJ mol1

after co-feeding water. Methane and oxygen orders were also decreased. It was found that the

ratios of results with co-feeding and without co-feeding water are close to each other. The decrease
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of activation energy and orders after co-feeding water can be explained with the same analysis in
the work of Verma et al. [26], but the analysis can only provide a predicted ratio of 0.55 under the
assumption that the reaction can be modeled with a single power rate law. Temperature differences
for the apparent activation energy and reaction order measurements could be another reason for
the discrepancy.

Table 2.1 Comparisons of reaction orders and apparent activation energies for
2%Mn/0.78%Na/0.25%W/SiO2 with and without water co-feeding
Eapp, kJ mol-1
Results with co-feeding H2O
Results without co-feeding H2O
Ratio (with/without)

a

172 ± 6
211 ± 20e
0.82

CH4 order

O2 order
b

0.59 ± 0.03
0.76 ± 0.02f
0.79

a.

40% CH4, 16% O2, 30% H2O, balance N2, 1 atm, T = 690 to 720 °C

b.

32% to 44% CH4, 16% O2, 30% H2O, balance N2, 1 atm, T = 710 °C

c.

40% CH4, 10% to 18% O2, 30% H2O, balance N2, 1 atm, T = 710 °C

d.

40% CH4, 16% O2, 22% to 36% H2O, balance N2, 1 atm, T = 710 °C

e.

40% CH4, 20% O2, balance N2, 1 atm, T = 710 to 740 °C

f.

36% to 48% CH4, 20% O2, balance N2, 1 atm, T = 730 °C

g.

40% CH4, 12% to 24% O2, balance N2, 1 atm, T = 730 °C

H2O order
c

0.64 ± 0.02
0.82 ± 0.04g
0.78

0.45 ± 0.08d
—
—

The yield of water varied with the methane conversion in different catalysts under the same
reaction conditions due to different reaction rates. In order to exclude the water promoting effect
in the comparison among Mn/Na2WO4/SiO2 catalysts, the C2 formation rates and apparent
activation energies were also measured for selected loadings of W and Mn. As shown in Figure
2.3, C2 formation rates and apparent activation energies with varied W loading show similar trends
to the results without co-feeding water. Apparent activation energy of 2%Mn/0.78%Na/0%W/SiO2
is significantly lower than other catalysts with both Mn and W. C2 formation rate increased from
0.23×10-6 mol m-2s-1 with 0% W loading to 1.07×10-6 mol m-2s-1 with 3.1% W loading, more than
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four-time increase. The trend in C2 formation rates with varied Mn loading is also close to what
was obtained in the experiment without co-feeding water, as shown in Figure 2.4. All of these
results strongly indicate that the increases in apparent activation energy and C2 formation rate per
surface area as the Mn or W loading increases were primarily due to the increase of new active
sites on the catalyst rather than the different promoting effects of water on C2 formation rates.

(a)

(b)

Figure 2.3 (a) Apparent activation energy vs. W loading (Mn loading was kept at 2% and Na loading was at 0.78%),
with gas composition of 40% CH4, 16% O2, 30% H2O, and balance N2. Apparent activation energy was measured
between 710 and 740 °C for 0% W sample, 690 and 720 °C for 0.25% W sample, and 680 and 701 °C for 1.0 and
3.1% W samples, 1 atm; (b) C2 formation rate vs. W loading with gas composition of 40% CH 4, 16% O2, 30% H2O,
and balance N2 at 710 °C, 1 atm.

13

Figure 2.4 C2 formation rate vs. Mn loading (W loading was kept at 3.1% and Na loading was at 0.78%) with cofeeding water with 40% CH4, 16% O2, 30% H2O, and balance N2 at 710 °C and 1 atm.

2.4 Discussion

2.4.1 Kinetic Measurement
As shown in Figure 2.1(a), apparent activation energy for catalyst without W
(2%Mn/0.78%Na/SiO2) is significantly lower than the catalysts with W loading. Addition of W
into the catalyst also gradually increased the C2 formation rate. These results indicate that new
active sites are generated with the addition of W. Two possibilities are suggested: 1) W might form
the active sites on the catalyst; 2) the active sites were generated by both Mn and W on the catalyst.
If the first possibility is true, catalyst with only W (0%Mn/0.78%Na/3.1%W/SiO2) should show
high C2 formation rate. However, according to Figure 2.2, it showed similarly low C2 formation
rate (0.21×10-6 mol m-2s-1) as that with only Mn (0.23×10-6 mol C2 m-2s-1). This strongly indicates
that W alone is not the active site. It is proposed that both Mn and W contribute to the active site.
As shown in both Figure 2.2 and Figure 2.4, C2 formation rate did not further increase after the
maximum, indicating extra Mn was forming other phases, not contributing to the active site. From
Figure 2.5 and Figure 2.6, we found Mn2O3 phase showing up for samples with higher Mn loading
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from XRD analysis. This further confirms Mn2O3 alone is not involved in the active site. Na2WO4
phase also appeared as W loading was higher. Combined with the kinetic results, Na2WO4 alone
is not the active site for OCM reaction, either.

Figure 2.5 XRD patterns of used catalysts: (a) 0%Mn/5%Na2WO4/SiO2 (b) 0.005%Mn/5%Na2WO4/SiO2 (c)
0.02%Mn/5%Na2WO4/SiO2

(d)

0.035%Mn/5%Na2WO4/SiO2

(e)

0.05%Mn/5%Na2WO4/SiO2

0.2%Mn/5%Na2WO4/SiO2 (g) 0.6%Mn/5%Na2WO4/SiO2 (h) 2.0%Mn/5%Na2WO4/SiO2.

(f)
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Figure 2.6 XRD patterns of used (a) 2%Mn/0.78%Na/0%W/SiO2 (b) 2%Mn/0.78%Na/0.25%W/SiO2 (c)
2%Mn/0.78%Na/0.5%W/SiO2

(d)

2%Mn/0.78%Na/1.0%W/SiO2

(e)

2%Mn/0.78%Na/1.7%W/SiO2

(f)

2%Mn/0.78%Na/3.1%W/SiO2.

2.4.2 Physical Mixture Experiment
To further prove our hypothesis that both Mn and W are involved in the active site,
experiments with physical mixture of 0.1 g 2%Mn/0.78%Na/0%W/SiO2 and 0.1 g
0%Mn/0.78%Na/3.1%W/SiO2 were performed. The physical mixture was subject to the same
pretreatment and stabilization as the previous experiments. For the physical mixture, if no
migration

happened

between

the

two

catalysts

2%Mn/0.78%Na/0%W/SiO2

and

0%Mn/0.78%Na/3.1%W/SiO2, the C2 formation rate was expected to be 0.34×10-6 mol g-1s-1 at
730 oC based on theoretical calculation as shown in Table 2.2. After pretreatment and stabilization,
the mixed catalyst showed a C2 formation rate of 1.39×10-6 mol g-1s-1, which is about 4 times as
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high as the theoretical rate. The activation energy also increased significantly to 208 kJ mol-1, as
high as the other Mn/Na2WO4/SiO2 catalysts with both Mn and W, indicating the same active site
was formed on part of the physical mixture. Furthermore, it was suggested that the formation of
new active sites on the physical mixture is most likely due to the migration of W or Mn to each
other.

Table 2.2 Kinetic data for physical mixture and 1%Mn/0.78%Na/1.55%W/SiO2
Catalyst
2%Mn/0.78%Na/0%W/SiO2a
0%Mn/0.78%Na/3.1%W/SiO2b
Physical mixturec
Physical mixtured
1%Mn/0.78%Na/1.55%W/SiO2e
a.

Rate, ×10-6 mol

Rate, ×10-6 mol

Eapp

C2 g-1s-1 (730°C)

C2 m-2s-1 (730°C)

kJ mol-1

0.18 ± 0.03
0.49 ± 0.11
0.34
1.39 ± 0.07
1.95 ± 0.14

0.23 ± 0.06
0.21 ± 0.06
0.22
0.62 ± 0.10
0.78 ± 0.06

140 ± 9
167 ± 1
—
208 ± 12
218 ± 6

0.2 g catalyst, 40% CH4, 20% O2 and balance N2, 1 atm at 730 °C, T=730 to 760 °C for apparent activation
energy measurement

b.

0.2 g catalyst, 40% CH4, 20% O2 and balance N2, 1 atm at 730 °C, T=730 to 760 °C for apparent activation
energy measurement

c.

Theoretical rate assuming no migration of Mn or W

d.

Measured after pretreatment and stabilization

e.

0.2 g catalyst, 40% CH4, 20% O2 and balance N2, 1 atm at 730 °C, T=700 to 730 °C for apparent activation
energy measurement

To examine if Mn or W migration occurred, Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDX) elemental mapping analysis was performed. For
fresh 2%Mn/0.78%Na/0%W/SiO2 and 0%Mn/0.78%Na/3.1%W/SiO2, the surface looks very
different based on the SEM images in Figure 2.7. After thermal pretreatment under air, 2 h
stabilization at 800 °C and 7 h time on stream under reaction mixture between 700 and 730 °C,
the SEM images of the physical mixture are shown in Figure 2.8. The surface of the
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2%Mn/0.78%Na/0%W/SiO2 catalyst changed significantly, with new layers covered. However,
the 0%Mn/0.78%Na/3.1%W/SiO2 catalyst did not change much.
EDX elemental mapping was performed on both 2%Mn/0.78%Na/0%W/SiO2 and
0%Mn/0.78%Na/3.1%W/SiO2 particles to examine any composition changes after the reaction.
Figure 2.9(a) showed that large amount of W migrated from 0%Mn/0.78%Na/3.1%W/SiO2
particles

to

the

surface

of

2%Mn/0.78%Na/0%W/SiO2

particles.

For

0%Mn/0.78%Na/3.1%W/SiO2 particles, little Mn signal was found based on Figure 2.10(b). From
the EDX elemental mapping analysis, it can be found that tungsten oxide migrates easily compared
to manganese oxide, consistent with the fact that Na2WO4 has a much lower melting point (698
o

C) compared to Mn2O3 (1080 oC, α form Mn2O3) [27]. Due to the low melting point of Na2WO4,

W was found to evenly distribute on the surface of 2%Mn/0.78%Na/0%W/SiO2. These results
confirm that migration of W and little Mn did take place to form the active sites for the physical
mixture during thermal pretreatment and stabilization. In other words, the active sites on the
catalyst Mn/Na2WO4/SiO2 should have both W and Mn.
For the 2%Mn/0.78%Na/0%W/SiO2 catalyst, after the migration of W, it should have similar
C2 formation rate to the 2%Mn/0.78%Na/1.55%W/SiO2 catalyst assuming even distribution of W.
Thus, the minimum C2 formation rate of the physical mixture is estimated to be half of
2%Mn/0.78%Na/1.55%W/SiO2

(1.83×10-6

mol

g-1s-1)

assuming

that

the

0%Mn/0.78%Na/3.1%W/SiO2 particles have very low rate. If ideal mixing of Mn and W took
place, C2 formation rate for the physical mixture after pretreatment and stabilization at 800 oC
should be close to that of 1%Mn/0.78%Na/1.55%W/SiO2. The actual C2 formation rate of the
physical mixture should be smaller than that of 1%Mn/0.78%Na/1.55%W/SiO2 (1.95×10-6 mol g1 -1

s ) because only very small amount of Mn migrates onto W containing particles. The C2

formation rate obtained from the physical mixture (1.39×10-6 mol g-1s-1) exactly fits between these
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two values, further verifying our explanatiosn about new active sites formation from Mn and W
migration.

(a)

(b)

Figure 2.7 SEM images of fresh (a) 2%Mn/0.78%Na/0%W/SiO2 and (b) 0%Mn/0.78%Na/3.1%W/SiO2.

(a)

(b)

Figure 2.8 SEM images of physical mixture of 2%Mn/0.78%Na/0%W/SiO2 and 0%Mn/0.78%Na/3.1%W/SiO2 after
reaction: (a) 2%Mn/0.78%Na/0%W/SiO2 particle of the mixture after reaction and (b) 0%Mn/0.78%Na/3.1%W/SiO2
particle of the mixture after reaction.
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(a)

(b)
Figure 2.9 (a) SEM image of 2%Mn/0.78%Na/0%W/SiO2 particle in used physical mixture. (b) EDX elemental
mapping of the SEM image in (a) for Mn and W elements.
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(a)

(b)
Figure 2.10 (a) SEM image of 0%Mn/0.78%Na/3.1%W/SiO2 particle in used physical mixture. (b) EDX elemental
mapping of the SEM image in (a) for Mn and W elements.

It is very difficult to elucidate the structure of the active site using current characterization
techniques, such as X-ray absorption, Raman, and IR, because most of the Mn and W are in the
bulk of the catalyst while the active sites are actually on the surface of the catalyst. More advanced
techniques or methods are needed to further study the details of the active sites and the roles of
Mn and W in the active sites in the future. Possible structures of the active sites could be mixed
oxide of Mn and W (one phase) or interface between manganese oxide and tungsten oxide. As
shown in the literature, one known mixed oxide is MnWO4 [28]. If MnWO4 were the active site,
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Mn:W molar ratio would have been 1 at the highest C2 formation rate. However, our kinetic study
does not support this idea as W:Mn molar ratio was >4.6 at maximum C2 formation rate as shown
in Figure 2.1(b) and Figure 2.2. Furthermore, XRD patterns of all the catalysts with varying Mn
and W did not indicate MnWO4 phase based on Figure 2.5 and Figure 2.6. From these results, we
hypothesize that the interface between those two oxides (Mn-oxide and W-oxide) is more likely to
be the active sites. However, more advanced characterizations are required to examine the structure
of the active site.

2.5 Conclusions
Kinetic study for 2%Mn/x%W/0.78%Na/SiO2 catalysts with various W loading shows that
C2 formation rate increased from 0.23×10-6 mol m-2s-1 to 0.89×10-6 mol m-2s-1 with the increase in
W loading from 0% to 3.1% at 730 oC, and the apparent activation energy of the sample with 0%
W loading was 140 kJ mol-1, which is significantly lower than the others (~210 kJ mol-1). C2
formation rate also increased from 0.21×10-6 mol m-2s-1 until 1.15×10-6 mol m-2s-1 as Mn loading
increased from 0% to 0.2%, and the rate slightly decreased after further increasing Mn loading.
These results indicate that the active sites for methane activation may be formed by both Mn and
W, and less Mn is needed for the active sites compared to W (W:Mn molar ratio, >4.6). In water
co-feeding experiments, water promoting effect was found to be significant as water order was
determined to be 0.45 ± 0.08. Moreover, it was also shown that water co-feeding changed the
reaction orders of methane and oxygen, and the apparent activation energy by similar ratio.
Comparison among catalysts with different loadings of Mn or W still showed similar trends in
apparent activation energies and C2 formation rates while co-feeding water, indicating the
increases in C2 formation rate and apparent activation energy were caused mainly by the formation
of active sites on the catalysts instead of water promotion.
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The physically mixed 2%Mn/0%W/0.78%Na/SiO2 and 0%Mn/3.1%W/0.78%Na/SiO2
catalyst shows four-time higher C2 formation rate than either of the two catalysts used in the
mixture. The similarity of the apparent activation energy between the physical mixture and
Mn/Na2WO4/SiO2 suggested same active sites between those catalysts. SEM and EDX elemental
mapping on the used physical mixture were used to verify that the migration of W from
0%Mn/3.1%W/0.78%Na/SiO2 to 2%Mn/0%W/0.78%Na/SiO2 particles led to the formation of the
active sites for methane activation. It is therefore concluded that both Mn-oxide and W-oxide are
needed for the formation of the active sites on Mn/Na2WO4/SiO2 catalyst for oxidative coupling
of methane. More advanced techniques and methods are needed to further investigate the detailed
structure of the active sites and the roles of Mn and W in methane activation, especially surface
characterization under reaction conditions.
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CHAPTER 3. GEOMETRIC AND ELECTRONIC EFFECTS OF
SUPPORTED INTERMETALLIC ALLOY NANOPARTICLES ON
ETHANE DEHYDROGENATION

3.1 Introduction

The recent shale gas boom in the United States has led to increased interest in hydrocarbon
utilization by selectively activating the C—H bond in alkanes. Although alkene production from
alkane dehydrogenation by supporting bimetallic nanoparticles has been studied extensively [29],
how product selectivity, turnover rate (TOR), and stability are affected by alloying is not fully
understood.
Pt has been known as the most effective transition metal for alkane dehydrogenation.
Monometallic Pt catalysts usually exhibit low alkene selectivity (less than 70% depending on H2
concentration) and fast deactivation because of coke formation and metal sintering. Previous
studies have shown that the addition of a second metal is able to promote Pt to achieve higher
alkene selectivity (>~95%) and more stable catalyst performance, including Pb, Ge, Ga, In, Zn and
Sn [30]–[33].
PtSn bimetallic catalysts have been studied most among them. Previous studies attributed the
influence of the Sn to both electronic and geometric effects. Dumesic et al. have performed
microcalorimetric studies and found the adsorption heat of ethylene, isobutene and carbon
monoxide on Pt catalysts can be around 30 kJ mol-1 higher than on PtSn as low coverage [34]–
[36]. Shift in IR band of CO adsorbed on Pt was observed in PtSn/Mg(Al)O catalyst, indicating
electronic modification of Pt by Sn. It has been proposed that the decrease in the vibration
frequency of CO is due to electron transfer from Sn to Pt, assisting the back-donation of d-band
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from Pt to the CO π* orbital [37][38]. All of these results indicate the presence of electronic effect
for bimetallic PtSn catalysts. It has been suggested that Sn has more outer-shell electrons and thus
is able to donate electrons to Pt, which modifies the electronic structure of Pt and leads to the
change in adsorption energy and catalytic behavior [37].
Geometric effect in those bimetallic catalysts has remained vague due to lack of evidence of
the alloy structure present in bimetallic catalysts. It has been reported that Pt-Sn surface alloy
reduced the decomposition of butene isomers possibly due to the elimination in Pt 3-fold hollow
sites besides the decrease in adsorption energy of butenes on the alloy [39]. The bridge-bound CO
adsorbed on Pt was reported to decrease significantly in intensity, which was suggested to be due
to dilution effect of Pt clusters by the second metal [40]. In the works of Passos et al. and
Virnovskaia et al., the shift in IR band of adsorbed CO on PtSn catalysts was attributed to the
decrease in dipole-dipole coupling effect of adsorbed CO because the number of adjacent Pt atoms
on the surface is reduced by Sn, resulting in lower CO vibration frequency [37][38]. However,
because both electronic and geometric effects are able to cause the IR band of adsorbed CO to
shift in the same direction, it is still difficult to tell how much contribution from those effects.
More understanding of dehydrogenation mechanism and Pt-based bimetallic catalysts has
been achieved by Bell’s group. Isotopic labeling experiments of ethane dehydrogenation over
Pt/Mg(Al)O and PtSn/Mg(Al)O show that the readsorption of ethylene leads to the formation of
methane through hydrogenolysis and coke precursors, while the addition of Sn is able to inhibit
ethylene readsorption [29]. Light alkane dehydrogenation was also investigated with Pt-In and PtGa catalysts, and the high selectivity to alkenes is attributed to PtIn and PtGa alloys, as the PtSn
alloy suggested in their previous work [41][31][32]. However, the mechanism of how those
promoters work on light alkane dehydrogenation has not been illustrated clearly.
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In addition to Pt, supported Pd catalysts were also reported to be selective to light alkane
dehydrogenation after alloying with a second inactive metal [42][43]. Alkane hydrogenolysis is
known to be a structure-sensitive reaction because an ensemble of active atoms is required, while
alkane dehydrogenation is structure-insensitive, in which each active surface atom serves a
catalytic site [44]. It was reported that propane dehydrogenation selectivity was highly increased
from 11% to 98% at 15% propane conversion at 550 oC after the addition of Zn to Pd supported
by SiO2. The author attributed the significant change in selectivity to the formation of isolated Pd
atoms in PdZn intermetallic alloy, which has ordered crystal structure. The number of adjacent Pd
atoms decreases because of the formation of PdZn intermetallic alloy, turning off the
hydrogenolysis pathway and consequently enhancing the selectivity to dehydrogenation. The
isolation of Pd atoms on the catalyst surface was verified by IR spectra of adsorbed CO, in which
the band of bridge-bound CO adsorbed on Pd diminishes significantly after the addition of Zn to
Pd [42]. The intermetallic alloy structure was further investigated and determined to be mainly β1PdZn in the work of Gallagher et al. by in situ synchrotron XRD and in situ EXAFS. In β1-PdZn
structure, the nearest neighbor of Pd is Zn instead of Pd because Pd-Zn bond distance is 2.64 Å,
while Pd-Pd bond distance becomes 2.90 Å, 0.15 Å longer than in bulk Pd. This work helped
confirm that a specific intermetallic structure with isolated Pd atoms is responsible for the socalled geometric effect in light alkane dehydrogenation [43].
In this study, ethane dehydrogenation was used as a probe reaction to examine the geometric
and potential electronic effects of the second inactive metal on the Pd or Pt. Ethane
dehydrogenation reaction shown in Eq. 2 is strongly endothermic and the conversion is
thermodynamically limited by equilibrium. Ethane hydrogenolysis shown in Eq. 3 is an
exothermic side reaction that can also occur under the reaction conditions used in this study and
lead to the decrease in ethylene selectivity.
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𝐶2 𝐻6 ⇌ 𝐶2 𝐻4 + 𝐻2

Δ𝐻298𝐾 = 136 𝑘𝐽 𝑚𝑜𝑙 −1

Eq. 2

𝐶2 𝐻6 + 𝐻2 ⇌ 2𝐶𝐻4

Δ𝐻298𝐾 = −65 𝑘𝐽 𝑚𝑜𝑙 −1

Eq. 3

3.2 Experimental Methods

3.2.1 Catalyst Preparation
In this section, the synthesis of PdIn/SiO2 catalyst is described as an example for the supported
intermetallic catalysts studied in this chapter. Detailed information of synthesis of PdIn/SiO2,
PtIn/SiO2, and PtZn/SiO2 can be found in [45]–[47].
Monometallic 2 wt% Pd supported on silica (Davisil 636 silica gel from Sigma–Aldrich, 480
m2/g and 0.75 cm3/g pore volume) was synthesized by incipient wetness impregnation (IWI). 2.81
g Pd(NH3)4(NO3)2 (10 wt% in H2O) was dissolved in 1.5 mL water, and 30% ammonia solution
(Sigma–Aldrich) was added until pH became 11. The solution was then added dropwise to 5 g
SiO2 and stirred. The sample was dried in the oven overnight at 125 C, calcined in air at 500 C
for 3 h, and reduced at 200 C for 30 min in 100 cm3/min 5% H2/N2.
Several bimetallic PdIn catalysts with target Pd loading of 2 wt% and In loading of 1, 3, and
6 wt% supported on silica were synthesized by sequential incipient wetness impregnation under
controlled pH conditions. Various amounts of In(NO)3 hydrate (Sigma-Aldrich) were dissolved in
8 mL water based on the target loading. Citric acid (Sigma-Aldrich) was added to the In(NO)3
solution with a molar ratio of citric acid and In in the solution as 1:3. White precipitation was
formed while adding ammonia solution but dissolved after ammonia was further added to achieve
pH 11. The solution was then added dropwise to 15 g SiO2 and stirred. The sample was dried in
the oven overnight at 125 C and calcined in air at 600 C for 3 h to obtain In/SiO2. 3.37 g
Pd(NH3)4(NO3)2 was dissolved in aqueous NH4OH solution based on the target Pd loading with
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pH controlled to be 11, and the solution was added dropwise to In/SiO2 solid and stirred. The
sample was then dried in the oven overnight at 125 C, calcined in air at 200 C for 3 h, reduced
at 200 C in 100 cm3/min 5% H2/N2 for 30 min, and further reduced at 600 C under 100 cm3/min
5% H2/N2 for 30 min.
The Pd and In loadings of the catalyst were determined by atomic absorption spectroscopy
(AAS) on a Perkin-Elmer AAnalyst 300 instrument. About 40 mg of catalyst pre-reduced at 600
o

C was dissolved in 2 mL HF (48 wt%) overnight and then diluted with deionized water to the

desired concentration. The absorption results were compared to those of known Pd and In
standards to obtain the weight percentages of Pd and In.

3.2.2 Scanning Transmission Electron Microscopy (STEM)
The STEM images were taken using a Titan 80-300 keV Environmental Transmission
Electron Microscope (1 Å resolution) at Birck Nanotechnology Center at Purdue University.
Samples for imaging were prepared by grinding the catalysts to a fine powder. The powder was
dispersed in isopropyl alcohol and spread onto a gold grid with ultrathin carbon film (TedPella)
followed by drying on a hot plate. Images were taken using the high angle annular dark field
(HAADF) mode at 300 keV. ImageJ program was used to count the particle size. A minimum of
200 particles were counted to obtain size distribution for each catalyst.

3.2.3 CO and H2 Chemisorption
CO and H2 chemisorption was performed using a Micromeritics ASAP 2020 instrument. The
sample was reduced in flowing H2 at 600 C for 30 min and cooled down to room temperature in
the same gas condition. The sample was then flushed with He for 30 min followed by evacuation
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and analysis. A Pd/CO stoichiometry of 1 was used to estimate the lower bound of dispersion
values for Pd. Pt/CO and Pt/H stoichiometry of 1 was used to estimate the dispersion values for Pt.

3.2.4 Kinetic Measurement
The kinetic measurement was carried out in a quartz plug-flow reactor with 3/8-inch ID. The
weight of the catalysts ranged from 0.01 g to 0.65 g, depending on the desired conversion. A
thermocouple well with 1/8-inch O.D. and a thermocouple were placed through the center of the
catalyst bed to measure the reaction temperature. The catalyst was first reduced in 40 cm3/min 5%
H2/N2 while the temperature was raised to 600 C and held at 600 C for 30 min. The reaction
mixture was then fed into the reactor at 600 C. The reaction mixture consists of C2H6, H2, He and
balance N2. To determine turnover rates (TOR) and apparent activation energies, C2H4 was also
fed to prevent the falsification of kinetics caused by product inhibition [26]. The effluent of the
reactor was connected to an Hewlett Packard 5890 Series II gas chromatograph equipped with a
Carboxen-1010 PLOT capillary GC column and a thermal conductivity detector (TCD). After the
catalyst deactivated to conversions below 10% and stabilized at 600 C, apparent activation energy
was measured between 570 and 600 C.

3.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
The IR data were collected with a Nicolet 4700 spectrometer equipped with a Hg-Cd-Te
(MCT, cooled to 77 K by liquid nitrogen) detector. Catalysts were diluted with SiO2 (Davisil 636
silica gel from Sigma–Aldrich, 480 m2/g and 0.75 cm3/g pore volume) with a catalyst to silica
mass ratio of 1:3. The diluted samples were ground to a fine powder with a mortar and pestle, and
compressed to form a self-supporting wafer. The wafer was sealed in a specially designed quartz
cell with CaF2 windows. Two K-type thermocouples (Omega) were placed 2 mm from the wafer
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on each side to measure wafer temperatures. The cell was surrounded by a mineral-insulated
resistive heating coil (ARi Industries), and both the cell and coil were encased in an alumina
silicate ceramic chamber (Purdue Research Machining Services). A custom glass manifold was
connected to the cell to control the gas for pretreatment and the amount of CO introduced. The cell
was first purged with He, and then the sample was reduced with 10% H2 in balance He while the
temperature was increased to 600 C and held for 30 min. After the reduction, the wafer was cooled
down to 30 C in the same gas condition and exposed to dynamic vacuum (Alcatel 2008A rotary
vane rough pump, <0.1 Torr) for 15 min at 30 C. A background scan was recorded, which was
averaged over 64 scans with 2 cm-1 resolution. The sample was then exposed to 20 kPa CO for 30
min and dynamic vacuum for 30 min to remove gas-phase and weakly adsorbed CO before final
IR scan was performed.

3.2.6 X-ray Absorption Spectroscopy (XAS)
In this section, the XAS experimental setup of PdIn/SiO2 catalyst is described as an example
for the supported intermetallic catalysts studied in this chapter. Detailed information of XAS
experiments of PdIn/SiO2, PtIn/SiO2, and PtZn/SiO2 can be found in [45]–[47].
X-ray absorption spectroscopy measurements at Pd K (24350 eV) and In K (27940 eV) edge
were performed on the bending magnet beam line of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source, Argonne National Laboratory. Measurements
were made in transmission mode. A Pd foil spectrum was collected simultaneously with each
sample as a reference of energy calibration. The sample was reduced in 50 cm 3/min 4%H2/He as
the temperature increased to 600 C and kept for 30 min. After cooling down with 100 cm3/min
He, the spectra were obtained under static He at room temperature. Trace oxidants in He were
removed by a Matheson PUR-Gas Triple Purifier Cartridge with a Cu trap.
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XAS spectra were fit by WINXAS 3.1 software. A least square fit in k-space of the k2weighted Fourier transform data was used to acquire the coordination parameters from 3.0 to 12.0
Å. At Pd K edge, the first shell fit of the magnitude and imaginary parts was performed from 1.6
to 2.9 Å. At In K edge, the first shell fit was performed from 1.8 to 2.8 Å. Average bond distance
and coordination number were determined by the experimental phase shift and back scattering
amplitude of Pd-Pd scattering obtained from the Pd foil (12 Pd-Pd at 2.75 Å). This treatment is
reasonable because the similar atomic numbers of Pd and In result in small differences in phase
shift and scattering amplitude between Pd-Pd and Pd-In. Fits were performed by varying the
coordination number (CN), bond distance (R), σ2, and energy shift (E0). CN and R were allowed
to vary to determine the correct fit while keeping σ2 value constant through all sample fits.

3.2.7 Synchrotron X-ray Diffraction (XRD)
In this section, the synchrotron XRD experimental setup of PdIn/SiO2 catalyst is described as
an example for the supported intermetallic catalysts studied in this chapter. Detailed information
of synchrotron XRD experiments of PdIn/SiO2, PtIn/SiO2, and PtZn/SiO2 can be found in [45]–
[47].
Synchrotron XRD measurements were performed at 11-ID-C beam line at the Advanced
Photon Source, Argonne National Laboratory. X-rays at 105.091 keV (λ = 0.11798 Å) and a
PerkinElmer large area detector were used to collect data in transmission mode. Catalysts were
loaded in a Linkam Thermal Stage which allowed the reactant gas to flow through the catalyst bed.
Before the diffraction pattern measurement, 50 cm3/min 3% H2/Ar was introduced and the
temperature was increased to 600 C, kept for 20 min, and diffraction patterns were collected for
all the samples. After the samples were cooled down to room temperature with the same
atmospheric condition, the diffraction patterns were collected again for all the samples without
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thermal-induced lattice distortion and strain. The SiO2 support was treated with the same procedure
as the reference. 1-D scattering pattern versus 2θ was obtained by integrating the 2-D scattering
images using the Fit2D software. Simulated diffraction patterns of Pd-In phases were obtained by
Materials Analysis Using Diffraction (MAUD) to identify the alloy phase formed in situ.

3.3 Results

3.3.1 Catalyst Properties and Particle Size Analysis
AAS was performed to measure the actual loadings of Pd, Pt, In, and Zn in the catalysts. CO
and H2 chemisorption were used to determine the dispersion of the intermetallic PdIn/SiO2,
PtIn/SiO2, and PtZn/SiO2 catalysts by assuming stoichiometry CO:Pd = 1 and H:Pt = 1. The results
are shown in Table 3.1 to Table 3.3, including the particle size analysis. STEM imaging was
conducted after pre-reduction at 600 C and exposure to the air. The results show similar particle
sizes for all catalysts, which helps minimize the effect of particle size on selectivity change,
kinetics and other catalyst characterizations. Small particle size is also important to reflect the
surface properties when characterized by bulk techniques such as XAS and XRD, since higher
fraction of the atoms are on the catalyst surface when particle size is smaller. CO chemisorption
results revealed that Pd and Pt dispersion decreases as In loading increased, indicating possible
bimetallic surface structure of Pd (or Pt) and In or partial coverage of Pd or Pt by In species which
does not chemisorb CO. It is very likely that not only bimetallic surface was formed but some In
species may cover part of the surface Pd and Pt sites.
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Table 3.1 Composition, particle size, and dispersion of all PdIn/SiO2 catalysts [45]
Sample name

Pd wt%

In wt%

In:Pd
atomic ratio

Particle size
(nm)

Dispersion
(%)

Pd
Pd-In 0.2
Pd-In 0.8
Pd-In 2.0

2.0
2.0
2.0
1.6

0.5
1.7
3.4

0.2
0.8
2.0

1.9 ± 0.9
2.0 ± 0.6
1.8 ± 0.4
2.7 ± 0.9

47.4
13.8
12.2
2.2

[45] - Adapted by permission of The Royal Society of Chemistry

Table 3.2 Composition, particle size, and dispersion of all PtIn/SiO2 catalysts [47]
Sample name

Pt wt%

In wt%

In:Pt
atomic ratio

Particle size
(nm)

Dispersion
(%)

Pt
Pt-In 0.7
Pt-In 1.4

2.0
4.0
4.0

1.7
3.2

0.7
1.4

3.5 ± 1.6
3.0 ± 0.7
3.4 ± 1.2

29
13
9

Table 3.3 Composition, particle size, and dispersion of all PtZn/SiO2 catalysts [46]
Sample name

Pt wt%

Zn wt%

Particle size
(nm)

Dispersion
(%)

Pt/SiO2
PtZn/SiO2

9.70
9.53

9.28

3.3 ± 1.9
2.5 ± 0.6

27
44

3.3.2 Ethane Dehydrogenation Kinetics

3.3.2.1 Kinetic Results of PdIn/SiO2
Pd, Pd-In 0.2, Pd-In 0.8, and Pd-In 2.0 catalysts were tested for ethane dehydrogenation under
5% C2H6, 6% H2, and balance N2 at 600 C with a total flow rate of 50 cm3/min. Equilibrium
conversion of ethane dehydrogenation was calculated to be 27% under the reaction conditions.
Ethane hydrogenolysis can also occur under the reaction conditions and generate methane, which
is the only side product observed in the experiments. Table 3.4 shows the product distribution for
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ethane dehydrogenation under similar level of conversion to compare the catalyst performance. Pd
catalyst has an ethylene selectivity of 53.4% under 15% ethane conversion, while Pd-In 0.2, PdIn-0.8, and Pd-In 2.0 catalysts show high selectivity (>97%) to ethylene, indicating the addition of
In can enhance the selectivity to ethane dehydrogenation and inhibit hydrogenolysis pathway. The
suppression of hydrogenolysis reaction was also observed in the literature after the addition of Zn
to Pd [42][43]. The increase in C2H4 selectivity after addition of In to Pd is suggested to be
geometric effect caused by intermetallic structure formation.
TOR and apparent activation energy measurements were performed for ethane
dehydrogenation under 5% C2H6, 2% H2, 0.5% C2H4, 43.2% He, and balance N2 over Pd and PdIn catalysts after the catalyst stabilized at a conversion below 10%. The equilibrium conversion
was determined to be 35.9%. Since ethane dehydrogenation is a reversible reaction, approach to
equilibrium should be considered as illustrated in the paper of N. A. Koryabkina et al. [48] The
rate of ethane dehydrogenation can be described by the following power rate law:
𝑟𝑎𝑡𝑒 = 𝑘𝑓 [𝐶2 𝐻6 ]𝑎 [𝐶2 𝐻4 ]𝑏 [𝐻2 ]𝑐 (1 − 𝛽)

𝛽=

[𝐶2 𝐻4 ][𝐻2 ]
𝐾[𝐶2 𝐻6 ]

where 𝑘𝑓 is forward rate constant, a, b, c are forward reaction orders, and K is the equilibrium
constant for ethane dehydrogenation. β is the approach to equilibrium, which describes how far
the reaction is from equilibrium. The values of β in current experiments are usually smaller than
0.17, indicating the reaction was run far from equilibrium. In addition to considering the approach
to equilibrium, it was found in our separate experiments that co-feeding ethylene can decrease the
conversion significantly, indicating ethylene has an inhibiting effect on ethane dehydrogenation.
Since ethylene is one of the products of the reaction, it was co-fed to make the reactor achieve
differential condition. These considerations have not been reported with kinetic data in the
previous literature, but they are crucial to take into consideration when measuring the accurate
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kinetics such as TOR and apparent activation energy to prevent falsification of kinetics by product
inhibition.
TOR was measured under differential condition by normalizing the moles of ethane converted
per second to the moles of surface Pd atoms obtained by CO chemisorption as shown in Table 3.1,
Table 3.4 and Figure 3.1. The ethylene selectivities for Pd-In 0.2, Pd-In 0.8 and Pd-In 2.0 were all
higher than 97% during the time on stream, while Pd catalyst deactivated very fast and the ethylene
co-fed was even consumed. Therefore, selectivity comparison will not be discussed under
differential condition. From Table 3.4 and Figure 3.1, the TOR of Pd catalyst decreased from 0.03
to 0.003 s-1 during the time on stream, while Pd-In 0.2, Pd-In 0.8 and Pd-In 2.0 exhibited more
stable performance with TOR about 10 times higher than Pd catalyst did. Such a significant
increase in TOR after the addition of a second inactive metal is even larger than that for PtSn or
PtIn catalysts reported in the literature and is possibly related to electronic effect of In on the active
Pd atoms [41][49]. The combined results of selectivity, TOR and stability demonstrate that In is
an effective promoter for ethane dehydrogenation on Pd catalyst.
Apparent activation energy was determined between 570 and 600 oC after the catalyst
stabilized at conversion lower than 10% at 600 C. The results are shown in Table 3.4 and Figure
3.2. Eapp could not be measured for Pd catalyst because the conversion was too low due to fast
deactivation. The Eapp were very similar for Pd-In 0.8 and Pd-In 2.0, indicating similar mechanism
and active sites on the surface for ethane dehydrogenation over these two catalysts. The E app for
Pd-In 0.2 is lower, which implies its surface active site composition or structure may be different
from Pd-In 0.8 and Pd-In 2.0. It should be noted that the Eapp difference demonstrates the difference
mainly in the surface of the catalysts rather than in the bulk.
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Table 3.4 Kinetic results and product distribution of PdIn/SiO2 for ethane dehydrogenation [45]
c
Initial TORb TOR after 3 hb Selectivity (%) at 15% conversion
(s-1)
(s-1)
C2H4
CH4

Sample

Eapp, kJ mol-1a

Pd

—

0.03

0.003

53.4

46.6

Pd-In 0.2

102

0.09

0.03

97.6

2.4

Pd-In 0.8

130

0.26

0.12

100

0

Pd-In 2.0

128

0.21

0.16

99.3

0.7

[45] - Adapted by permission of The Royal Society of Chemistry
a.

Reaction conditions: 5% C2H6, 2% H2, 0.5% C2H4, 43.2% He, and balance N2 at 1 atm total pressure with a total
flow rate of 150 cm3/min. Eapp was measured between 570 and 600 C after stabilization below 10% and the
rates were corrected by β.

b.

Turnover rates (TOR) were determined by normalizing ethane conversion rates to surface Pd atoms obtained
from CO chemisorption.

c.

Reaction conditions: 5% C2H6, 6% H2, and balance N2 at 1 atm total pressure and 600 C with a total flow rate
of 50 cm3/min.

Figure 3.1 TOR of ethane conversion over Pd, Pd-In 0.2, Pd-In 0.8, and Pd-In 2.0 catalysts with gas composition of
5% C2H6, 2% H2, 0.5% C2H4, 43.2% He, and balance N2 at 1 atm total pressure and 600 C with a total flow rate of
150 cm3/min. Rates were already corrected with β. [45] - Adapted by permission of The Royal Society of Chemistry.
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Figure 3.2 Arrhenius plot for ethane dehydrogenation over Pd, Pd-In 0.2, Pd-In 0.8, and Pd-In 2.0 catalysts between
570 and 600 C with gas composition of 5% C2H6, 2% H2, 0.5% C2H4, 43.2% He, and balance N2 at 1 atm total
pressure with a total flow rate of 150 cm3/min. Rates were already corrected with β. [45] - Adapted by permission of
The Royal Society of Chemistry.

3.3.2.2 Kinetic Results of PtIn/SiO2
Pt, Pt-In 0.7, and Pt-In 1.4 catalysts were tested to study the effect of the second inactive
metal on Pt for ethane dehydrogenation. Initial C2H4 selectivities for these three catalysts were
compared at 15% conversion under 5% C2H6, 6% H2, 49.3% N2 and balance He at 600 C. Table
3.5 shows the C2H4 selectivity comparison. Pt catalyst demonstrates 75% initial C2H4 selectivity
at 15% conversion, while both Pt-In 0.7 and Pt-In 1.4 catalysts show much higher C2H4 selectivity
at 99% and 98%. This further confirms that the incorporation of In into Pd or Pt can improve C2H4
selectivity by suppressing ethane hydrogenolysis pathway during ethane dehydrogenation reaction
conditions. For Pt catalyst, C2H4 selectivity decreased from 73% at 15% conversion to 91% at 9%
conversion after 1 h deactivation. On the other hand, Pt-In 0.7 and Pt-In 1.4 exhibited little
deactivation after 5 h and C2H4 selectivity remained close to 100%.
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After the catalyst stabilized at a conversion below 10%, TOR for Pt, Pt-In 0.7, and Pt-In 1.4
catalysts were measured under 5% C2H6, 2% H2, 0.5% C2H4, 49.3% N2 and balance He at 600 C,
and apparent activation energy was determined between 570 and 600 oC, as shown in Table 3.5
and Figure 3.3. Pt-In 0.7 catalyst showed the highest initial TOR, which is 4 times as high as that
of Pt catalyst. However, Pt-In 0.7 showed more deactivation compared to Pt-In 1.4, which leads to
similar steady-state TOR for Pt-In 0.7 and Pt-In 1.4. The steady-state TOR of Pt-In 0.7 and Pt-In
1.4 are nearly 5 times as high as that of Pt catalyst. The co-fed C2H4 was shown to decrease the
TOR of all three catalysts, with a smaller change for Pt-In 1.4 catalyst compare to the others.
Although the initial TOR of Pt and Pt-In 1.4 were similar under reaction conditions when ethylene
was not co-fed, TOR of those catalysts were still different after ethylene was co-fed. The reason is
probably that the co-fed ethylene covered more surface on Pt than on Pt-In 1.4 due to different
heat of adsorption. Apparent activation energy for Pt catalyst is the lowest. After the addition of In
to Pt, apparent activation energy increased from 76 to 95 kJ mol-1 for Pt-In 0.7, and even to 137 kJ
mol-1 for Pt-In 1.4. These increases in apparent activation energy and TOR demonstrate that In has
an electronic promotion on Pt, while the increase in C2H4 selectivity by adding In was attributed
mainly to geometric effect resulted from intermetallic Pt-In alloy formation breaking up Pt
ensemble sites.
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Table 3.5 Kinetic results and product distribution of PtIn/SiO2 for ethane dehydrogenation [47]

a.

Initial data at 15% conversion

Sample

Eappa, kJ mol-1

Initial TORa
(s-1)

Steady-state
TORa (s-1)

C2H4 selectivityb (%)

TORb (s-1)

Pt

76

0.7

0.2

73

1.8

Pt-In 0.7

95

2.8

1.0

99

5.3

Pt-In 1.4

137

1.6

1.0

98

1.9

Reaction conditions: 5% C2H6, 2% H2, 0.5% C2H4, 49.3% N2, and balance He at 1 atm total pressure with a total
flow rate of 150 cm3/min. Eapp was measured between 570 and 600 C after stabilization below 10% and the
rates were corrected by β.

b.

Reaction conditions: 5% C2H6, 6% H2, and 49.3% N2, balance He at 1 atm total pressure and 600 C with a total
flow rate of 150 cm3/min.

Figure 3.3 Arrhenius plot for ethane dehydrogenation over Pt, Pt-In 0.7, and Pt-In 1.4 catalysts between 570 and 600
C with gas composition of 5% C2H6, 2% H2, 0.5% C2H4, 49.3% N2, and balance He at 1 atm total pressure with a
total flow rate of 150 cm3/min. Rates were already corrected with β. [47]

3.3.2.3 Kinetic Results of PtZn/SiO2
To further understand the effect of the second inactive metal on Pt, catalyst testing for 9.70
wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt% Zn/SiO2 was carried out under 2.5% C2H6, 1% H2 at 600
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C during ethane dehydrogenation. C2H4 selectivities under different conversion levels were
compared between Pt/SiO2 and PtZn/SiO2 catalysts as shown in Figure 3.4. Under these reaction
conditions, the equilibrium conversion was determined to be 54%. PtZn/SiO2 maintains near 100%
C2H4 selectivity up to the thermodynamically limited equilibrium conversion, while Pt/SiO2
exhibits C2H4 selectivity decreasing from 96% at 5% conversion to 79% at 43% conversion. The
higher conversion than 54% was caused by mainly ethane hydrogenolysis with C—C bond
cleavage as the side reaction. Methane production started to become dominant as conversion
increases higher than the equilibrium conversion.
TOR and selectivity during the time on stream were measured under 2.5% C2H6, 1% H2, 0.5%
C2H4 at 600 C, and the results without co-feeding C2H4 were also presented, as shown in Figure
3.5 and Figure 3.6. TOR was measured by normalizing ethane conversion rate to moles of surface
Pt atom. When C2H4 was co-fed, TOR for Pt/SiO2 stabilized at 0.01 s-1 from the initial rate at 0.05
s-1, while C2H4 selectivity increased from 74% at 40% conversion to 96% at 9% conversion.
PtZn/SiO2 demonstrated nearly 100% C2H4 selectivity during all the time on stream, and the
steady-state TOR of PtZn/SiO2 is 6 times as high as Pt/SiO2 after catalyst stabilized at
approximately 0.06 s-1. After the catalyst stabilized at conversions below 10%, apparent activation
energy was determined to be 72 ± 4 kJ mol-1 for Pt/SiO2 and 99 ± 5 kJ mol-1 for PtZn/SiO2 between
570 and 600 C as shown in Figure 3.7. The measured apparent activation energy for PtZn/SiO2
was similar to that reported by Galvita et al. as 102 kJ mol-1 for PtSn/Mg(Al)O [29]. The
differences in ethane dehydrogenation TOR and apparent activation energy between Pt/SiO2 and
PtZn/SiO2 possibly indicates that Zn may have electronic promotion effect on Pt after alloying
with Pt.
As C2H4 was removed from the feed, TOR for both Pt/SiO2 and PtZn/SiO2 were about twice
as high as the results with co-feeding C2H4, implying the inhibiting effect of C2H4 on ethane
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dehydrogenation by competing the surface Pt sites on the catalysts. TOR for Pt/SiO2 decreased
from 0.10 to 0.02 s-1 after 5 h, with C2H4 selectivity increasing from 87% to 97%. PtZn/SiO2 still
showed higher TOR and C2H4 selectivity than Pt/SiO2 did, with TOR decreasing from 0.32 to 0.10
s-1 and C2H4 selectivity remaining at near 100%. This further confirms that the active Pt sites on
PtZn/SiO2 were able to suppress ethane hydrogenolysis pathway during ethane dehydrogenation.

Figure 3.4 Plot of C2H4 selectivity vs. C2H6 conversion during ethane dehydrogenation under 2.5% C2H6, 1% H2 at
600 C with total flow rate of 150 cm3/min for 9.70 wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt% Zn/SiO2. [46]
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Figure 3.5 Turnover (TOR) vs. time on stream during ethane dehydrogenation under 2.5% C 2H6, 1% H2 (, 0.5% C2H4
if co-fed C2H4) at 600 C with total flow rate of 150 cm3/min for 9.70 wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt%
Zn/SiO2. The rates were corrected by β. [46]

Figure 3.6 C2H4 selectivity vs. time on stream during ethane dehydrogenation under 2.5% C2H6, 1% H2 (, 0.5% C2H4
if co-fed C2H4) at 600 C with total flow rate of 150 cm3/min for 9.70 wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt%
Zn/SiO2. [46]
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Figure 3.7 Arrhenius plot for ethane dehydrogenation over 9.70 wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt% Zn/SiO2
between 570 and 600 C with gas composition of 2.5% C2H6, 1% H2, 0.5% C2H4, 49.3% N2, and balance He at 1 atm
total pressure with a total flow rate of 150 cm3/min. Rates were already corrected with β. [46]

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectra with CO adsorption was performed to investigate the surface structure and
composition changes in Pd-In catalysts. Figure 3.8 shows the background subtracted infrared
spectra for Pd and Pd-In catalysts. The peak assignments follow the work of Eischens et al. and
Lear et al. [50]–[52] The peaks between 1700 and 2000 cm-1 are assigned to bridge-bound CO on
Pd. Within this range, peaks between 1800 and 1900 cm-1 are assigned to CO bridge-bound on
hollow sites, while peaks between 1900 and 2000 cm-1 are attributed to CO bridge-bound to step
and edge sites. The peaks appearing above 2000 cm-1 are attributed to CO linear bound to Pd.
From Figure 3.8, the IR spectra of Pd catalyst are dominated by the broad bridge-bound CO
band between 1700 and 2000 cm-1, which possibly contains two or more peaks originated from
bridge-bound and multifold coordinated CO, and this broad band is characteristic of monometallic
Pd catalysts [50][51], while the peak at 2056 cm-1 is attributed to linear bound CO. For Pd-In 0.2
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catalyst, the bridge-bound CO peak area was similar to that of linear bound CO, indicating a
significant loss of the adjacent Pd sites for bridge-bound CO. As the In loading increased further
in Pd-In 0.8 and Pd-In 2.0 catalysts, the bridge-bound CO peak area became much smaller, which
means there were much fewer sites for CO to bind in a bridging fashion. Moreover, the bridgebound peak position shifted to higher wavenumber for Pd-In 2.0, in which only peak above 1900
cm-1 remained and the band below 1900 cm-1 could no longer be observed. It is likely that In is
able to break Pd hollow sites responsible for bands below 1900 cm-1. The decrease in intensity of
the whole CO IR spectra in Pd-In catalysts indicates that the surfaces may be In rich, which is
consistent with the low CO uptake in chemisorption experiments for these samples.
Linear to bridge bound CO ratios were obtained by integrating the peak areas between 2000
and 2200 cm-1 and between 1700 and 2000 cm-1, and the results were shown in Table 3.6. These
ratios do not take into consideration the different extinction coefficients of linear bound and bridgebound CO on Pd. Even though the coverages of different Pd sites were not quantitatively
determined, the linear-to-bridge ratio rather reflects the qualitative change in the surface structure
of the catalysts. From Table 3.6, Pd catalyst showed a very low linear-to-bridge ratio due to its
small linear feature. After the addition of In, the ratio increased significantly and continued to
increase with further In loading. Also observed in the work of Childers et al., this trend suggested
that In addition was able to reduce the number of Pd ensemble sites on the catalyst surface, which
are typically capable of adsorbing CO in a bridging fashion [42][43]. This phenomenon can
possibly be attributed to the formation of intermetallic PdIn structure on the surface and bulk of
the nanoparticles, in which Pd atoms are geometrically isolated by In neighbors. It should be noted
that the catalyst surface of all the samples were saturated with CO before evacuation and collecting
spectra to ensure that CO was adsorbed on almost every surface Pd site and fair comparison can
then be made.
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Figure 3.8 Normalized FTIR spectra of CO adsorption on Pd, Pd-In 0.2, Pd-In 0.8, and Pd-In 2.0 catalysts at 30 C
after reduction at 600 oC. Plots are offset for clarity. [45] - Adapted by permission of The Royal Society of Chemistry.

Table 3.6 Linear-to-bridge ratio from FTIR spectroscopy of adsorbed CO
Sample name

Linear-to-bridge ratio

Pd

0.05:1

Pd-In 0.2

0.31:1

Pd-In 0.8

1.55:1

Pd-In 2.0

7.84:1

[45] - Adapted by permission of The Royal Society of Chemistry.

3.4 Discussion

3.4.1 PdIn/SiO2 Catalysts
PdIn/SiO2 will be discussed in more details than PtIn/SiO2 and PtZn/SiO2 as an example for
understanding the effect of intermetallic structure on TOR and C2H4 selectivity during ethane
dehydrogenation.
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The XANES spectra of Pd-In 2.0 at Pd K edge are shown in Figure A3.1. The white line
intensity and edge energy of Pd-In 2.0 are similar to those of Pd foil, which implies that the Pd
atoms in this sample are metallic. However, the white line shifts to lower energy and its intensity
is smaller when compared to Pd foil, which suggests that there are metallic In neighbors around
Pd. The XANES spectra of the other Pd-In samples at Pd K edge reveal similar results. The detailed
EXAFS fitting patterns can be found in Wu et al. [45] The k2-weighted EXAFS were fit and the
results are presented in Table A3.1. For Pd-In 0.2, the average Pd-Metal (Pd-M) coordination
number is 10.8, which is between 7.9 (In-M) and the typical value for FCC Pd, 12. This result
indicates that the Pd-M may be a mixture of both Pd-Pd and Pd-In. The average Pd-M bond
distance was determined to be 2.78 Å, longer than 2.75 Å, the typical bond length of FCC Pd. For
Pd-In 0.8, the coordination numbers of both Pd and In decrease, suggesting structure change
around both Pd and In. Debye Waller Factor, describing the structural disorder of the atoms in the
sample, was determined to be unusually large for this sample, indicating the presence of highly
non-uniform structure. For Pd-In 2.0, since Debye Waller Factor becomes smaller, the structure
may be more uniform than Pd-In 0.8. The similar bond distances for Pd and In also suggests the
existence of uniform structure. The coordination numbers of both Pd and In become even smaller
than Pd-In 0.8.
Synchrotron XRD was performed to identify possible structures of 2-nm bimetallic Pd-In
nanoparticles formed in the catalysts. Synchrotron XRD can provide high resolution, 0.005 in our
case and radiation with high intensity to enhance signal-to-noise ratio, and the ability to vary the
wavelength of X-ray can reduce line broadening effect. Therefore, it is a very crucial technique to
characterize these Pd-In catalysts with small nanoparticles. Background subtracted diffraction
patterns of Pd and Pd-In catalysts are presented in Figure A3.2. The diffraction patterns were used
to identify the crystal phase by comparing the patterns of Pd-In alloys simulated by MAUD. The
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simulated diffraction patterns of Pd and various Pd-In alloys are shown in Figure A3.3, while
crystal structures of FCC Pd and PdIn 1:1 intermetallic alloy are shown in Figure 3.4. The
diffraction pattern of Pd-In 2.0 showed the peaks corresponding to PdIn 1:1 intermetallic alloy
(CsCl structure). The most intensive peak at 2.95 was assigned to PdIn(110). These results
demonstrated that the PdIn intermetallic alloy was the most dominant phase in the bulk of Pd-In
2.0 catalyst. For Pd-In 0.2, the diffraction pattern is consistent with FCC Pd peaks, indicating that
the bulk of this catalyst is Pd. However, compared to simulated Pd pattern, the Pd (111) peak at
3.01 slightly shifts to 2.97o in Pd-In 0.2 catalyst. The amount of the peak shift in 2θ increases as
the 2θ of peaks increases. These results suggested that In atoms were incorporated into the Pd
lattice structure, resulting in longer average Pd-M bond distance and thus lattice expansion. The
full width at half maximum (FWHM) of Pd-In 0.2 is nearly 3 times that of Pd-In 2.0, which is not
consistent with their similar particle sizes of around 2 nm. These observations imply that probably
both FCC Pd and PdIn intermetallic alloy are present in this catalyst, but most of the bulk is Pd
with apparent diffraction pattern together with local PdIn alloy present, causing slight peak shift.
Pd-In 0.8 catalyst reveals peaks even broader than the other two catalysts and contains peaks
corresponding both FCC Pd and PdIn intermetallic alloy crystal phases. The broad peaks at 4.88
and 5.71 are attributed to FCC Pd phase, while the ones at 4.18, 5.11 and 6.57 originate from
PdIn intermetallic alloy. The line broadening becomes even stronger in Pd-In 0.8 than in the other
samples. Moreover, the most intensive Pd(111) peak at 3.01 in simulated Pd pattern and the PdIn
(110) at 2.95 in Pd-In 2.0 both contribute to the first peak in Pd-In 0.8, evidenced by the slightly
wider tip and a broader feature. These results suggest that the bulk of the catalyst is non-uniform
and mixed with lattice structures of both FCC Pd and PdIn intermetallic phases.
The Pd catalyst had a high selectivity to methane (~47%) compared to Pd-In catalysts (~1%)
in 5% C2H6 and 6% H2 at 600 C under similar conversion level. The low selectivity to alkane
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dehydrogenation on Pd has been reported in previous literature [42][43]. Rapid deactivation was
also observed in TOR profile, decreasing from 0.03 s-1 to 0.003 s-1 within 3 h on stream possibly
due to coke formation. The severe deactivation even made apparent activation energy measurement
impossible. The ability of Pd to break C—C bond instead of C—H bond can be attributed to the
Pd ensemble sites, evidenced by the dominant bridge-bound CO peak in FTIR experiment.
XRD pattern of Pd-In 0.2 catalyst shows peaks corresponding to FCC Pd phase, demonstrating
that FCC Pd is the predominant phase in the nanoparticle. However, the slight shift in peak
positions compared to simulated Pd pattern reveals that there may be lattice expansion caused by
the incorporation of In into Pd crystal structure in the catalyst. The lattice mismatch near the FCC
Pd and PdIn interface is significant enough to change the XRD pattern for this sample. The
interaction of Pd and In is also disclosed by not only change in XANES of Pd but also the EXAFS
fitting results. The coordination number of In was determined to be around 8, which is the expected
value for PdIn 1:1 intermetallic alloy with CsCl crystal structure. The In-M bond distance is also
close to the theoretical value 2.81 Å. The average Pd-M coordination number was found to be 10.8,
which is between 12 for FCC Pd and 8 for PdIn alloy, and the average Pd-M bond distance is also
between 2.75 Å for FCC Pd and 2.81 Å for PdIn alloy. These results suggest that there may be
PdIn intermetallic alloy formed in this catalyst.
In FTIR spectra of Pd-In 0.2, the bridge-bound CO peak is substantially reduced, leading to a
significant increase in linear-to-bridge ratio compared to Pd catalyst. Combined with XRD and
XAS results, this change can be attributed to the formation of PdIn intermetallic alloy on the
surface, so part of the surface Pd atoms were isolated by the neighboring In atoms. However, the
intermetallic formation only occurred locally on part of the surface and the bulk of the catalyst
remained Pd phase, resulting in dominant Pd phase in XRD pattern. Kinetic results also support
this suggestion. The ethylene selectivity at 15% conversion substantially increased from 53.4% for
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Pd catalyst to 97.6% for Pd-In 0.2 catalyst, signifying that the Pd ensemble sites on the surface
were broken by In. In addition to the change in selectivity, the promoting effect of In is evident
from the increase in TOR after 3 h by 10 times as well as a 3-time increase in initial TOR. The
more stable performance for Pd-In 0.2 also allowed the apparent activation energy measurement
with 102 kJ mol-1 determined under differential condition.
The bulk phase of the nanoparticles in Pd-In 2.0 was identified as PdIn 1:1 intermetallic alloy
based on the XRD pattern. EXAFS fitting shows the average Pd-M coordination number of 7.6
and bond distance of 2.79 Å and both of them are very close to the ideal values of a PdIn alloy
structure, 8 and 2.81 Å, respectively. This means that most of the Pd atoms are within the PdIn
intermetallic structure. There may exist some excess In, possibly as a form of In2O3, on the alloy
surface because the average In-M coordination number decreases to 3.7, which is much smaller
than the normal value of 8 for PdIn alloy. Also, the decreases in CO uptake during CO
chemisorption and FTIR experiment for this sample suggest the presence of excess In covering the
surface Pd sites of PdIn alloy. Even though part of the surface may be covered by excess In, FTIR
spectra of Pd-In 2.0 shows the highest linear-to-bridge ratio, which is in agreement with the
presence of PdIn alloy on the surface. The high ethylene selectivity of 99.3% at 15% conversion
supports the existence of surface PdIn alloy. The TORs and apparent activation energy are higher
than those of Pd-In 0.2 and the performance is also more stable, further confirming the promoting
effect of In on Pd present in PdIn intermetallic structure.
The XRD pattern of Pd-In 0.8 demonstrates a more complicated nanoparticle structure
combined with XAS and FTIR results. The unusually broad peaks from both FCC Pd and PdIn
alloy phases indicate that the bulk of the sample is a mixture of both crystal structures, consistent
with the unusually high Debye Waller Factor for this sample. It is likely that Pd atoms exist in both
FCC Pd and PdIn alloy phases. FTIR spectra of this sample show an even smaller peak of bridge-
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bound CO peak than Pd-In 0.2, leading to a higher linear-to-bridge ratio. Furthermore, the ethylene
selectivity of this sample at 15% conversion is nearly 100%. Therefore, the nanoparticle surface is
very likely to be PdIn intermetallic alloy, the same as Pd-In 2.0 catalyst. The similar apparent
activation energies (both ~130 kJ mol-1) and initial TORs (both ~0.23 s-1) are also strong evidence
that the surface structures of both samples are nearly the same. On the basis of all experimental
results, it is proposed that the nanoparticles of Pd-In 0.8 have a Pd core with PdIn shell geometry.
Combining all the results for Pd and Pd-In catalysts, a Pd-core/PdIn-shell model is suggested
to describe the evolution of the nanoparticle structure as the In content increased. A schematic
model is shown in Figure A3.5. After the addition of In to Pd catalyst, part of the surface of the
nanoparticles was transformed into PdIn 1:1 intermetallic alloy. As In loading further increased,
the fraction of PdIn alloy within the nanoparticle increased and it was likely the surface was mostly
covered by PdIn intermetallic alloy with some amount of the Pd present in the bulk. The
nanoparticles in Pd-In 2.0 catalyst consisted of mostly PdIn intermetallic alloy, but there may be a
surplus of In, causing part the nanoparticle surface to be covered by excess In species. The catalytic
surfaces of Pd-In 0.8 and 2.0 were both determined to be PdIn alloy based on the similar apparent
activation energies and high linear-to-bridge ratio in FTIR spectroscopy. It is suggested that the
significant increase in ethane dehydrogenation selectivity is due to the isolation of Pd by
neighboring In in intermetallic structure and the decrease in Pd ensemble sites, which have been
thought to favor hydrogenolysis reaction.
It has been reported in literature that Pt ensemble sites can be reduced by the addition of the
second metal such as Sn, Ga and In, and the selectivities to alkenes were highly enhanced with
coke formation suppressed simultaneously, leading to better stability [53]–[58]. This geometric
effect has been proposed in previous work, but the specific bimetallic structure in which Pt sites
are isolated has not been resolved clearly, leaving the geometric effect still a vague concept. In the
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current work of bimetallic Pd-In catalysts, PdIn 1:1 intermetallic alloy was successfully identified
by synchrotron XRD on 2-nm nanoparticles, and the isolated Pd in intermetallic structure was
shown to be vital for selective ethane dehydrogenation. From the phase diagram shown in Figure
3.9, it is clear that intermetallic alloy formation is possible under the reaction conditions in addition
to merely randomly substitutional solid solution. It has been demonstrated by the current work that
the fixed lattice position of Pd in PdIn intermetallic alloy is crucial to the desired ethane
dehydrogenation when suppressing undesired hydrogenolysis pathway by reducing Pd ensemble
sites.

Figure 3.9 Pd-In binary phase diagram (extracted from Alloy Phase Diagram Database, ASM International) [59]. The
red line indicates the possible alloy phases at 600 oC.
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Geometric effect is evident in the current work. The difference in ethylene selectivity at 15%
conversion can be attributed to the isolation of Pd by In and thus decrease in adjacent Pd sites since
hydrogenolysis has been reported to require two vicinal active sites for C—C bond cleavage [60].
From the IR, EXAFS, and XRD results in the present work, isolated Pd atoms in the intermetallic
PdIn structure was formed on the nanoparticle surface after the addition of In. The most adjacent
neighbors were In instead of other Pd atoms, which turned off the hydrogenolysis pathway and
increased the dehydrogenation selectivity.
Intermetallic formation in the nanoparticles often leads to electronic modification on the
active atoms. Although electronic effect on Pd by In was not shown explicitly, some results still
suggested potential electronic modification of Pd. The TOR for Pd catalyst was initially 0.03 s -1
and decreased to 0.003 s-1 after 3 h on stream. After the formation of PdIn intermetallic alloy, PdIn 0.2 gave an initial TOR of 0.09 s-1 and steady-state TOR of 0.03 s-1, 10 times more than Pd
catalyst. Pd-In 0.8 and 2.0 even exhibited initial TORs 10 times higher than Pd catalyst did and
even higher TOR after 3 h as well as much better stability. These observations suggest that the
electronic property of Pd may also be modified by neighboring In in the intermetallic structure.

3.4.2 PtIn/SiO2 and PtZn/SiO2 Catalysts
The increases in C2H4 selectivity, TOR, and apparent activation energy for PtIn/SiO2 and
PtZn/SiO2 can also be attributed to intermetallic structure formed after the addition of the second
inactive metal to Pt. The intermetallic alloy structures for these catalysts were identified by
synchrotron XRD and further analyzed by XAS. Detailed results can be found in Wegener et al.
and Cybulskis et al. [47][46]
XAS experimental results of Pt-In catalysts are shown in Table A3.2 [47]. Pt-In scattering
was required to include in the fit to EXAFS spectra to understand the local environment relative
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to Pt. In the two Pt-In catalysts, the Pt-Pt bond distances are both 2.79 Å, slightly longer than that
in Pt catalyst. Moreover, it was found that the white line intensities for Pt-In 0.7 and Pt-In 1.4 on
Pt L3 edge are slightly lower than those of Pt catalyst, and the edge energies have been shifted
from 11.5640 to 11.5648 and 11.5651 keV, respectively. Some portion of the In is metallic in PtIn 0.7 and Pt-In 1.4 since the white line intensities are lower than that of In2O3 reference. Based
on XAS results, it is suggested that bimetallic nanoparticles are formed in both Pt-In catalysts,
potentially enhancing C2H4 selectivity and TOR during ethane dehydrogenation. Synchrotron
XRD was performed to identify the bimetallic alloy structure in Pt-In catalysts. By comparing the
experimental XRD patterns to the ones from MAUD simulation, it is found that Pt-In 0.7 shows a
diffraction pattern comparable with that of Pt3In alloy with a Cu3Au crystal structure, while Pt-In
1.4 demonstrates mainly features of PtIn2 alloy with a CaF2 crystal structure. However, Pt3In alloy
phase is also likely to be present in Pt-In 1.4 because PtIn2 alloy has only nearest neighboring In
instead of Pt, and the Pt-Pt bond distance is similar to that in Pt-In 0.7. A Pt3In-core/PtIn2-shell
model was proposed to explain these results for Pt-In 1.4. The isolated Pt sites within these
intermetallic alloy structures are suggested to contribute to the increases in C2H4 selectivity [47].
Intermetallic alloy formation was also observed in PtZn/SiO2. Based on synchrotron XRD
experiment in Cybulskis et al. [61], PtZn/SiO2 show diffraction pattern associated to Pt1Zn1
intermetallic alloy with a tetragonal AuCu crystal structure, which isolated Pt sites and thereby
enhanced C2H4 selectivity. In XANES spectra at Pt L3 edge, the edge energy of PtZn/SiO2 is 0.9
eV higher than that of Pt/SiO2, similar to what was observed in Pt-In catalysts where the edge
energy is 0.8 and 1.1 eV higher for Pt-In 0.7 and Pt-In 1.4, respectively, than that of Pt catalyst.
These changes were attributed to the intermetallic alloy formation after the addition of the second
inactive metal, possibly related to the electronic structure change imposed on Pt by In or Zn.
EXAFS results of PtZn/SiO2 further confirm the existence of intermetallic Pt1Zn1 alloy phase by
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showing PtZn interaction in the first shell fit with coordination number of 7.1 and bond distance
of 2.63 Å. Pt-Pt scattering fit shows coordination number of 3.6 with bond distance of 2.81 Å,
longer than 2.76 Å in monometallic Pt/SiO2 catalyst, which further indicates that Pt atoms are
isolated by Zn atoms within intermetallic Pt1Zn1 structure. This geometric effect of intermetallic
alloy was suggested to increase C2H4 selectivity.
Possible electronic effects after the addition of In or Zn was observed for Pd-In, Pt-In, and
Pt-Zn catalysts. The white line intensities for Pd-In catalysts at Pd K edge are lower than that for
Pd catalyst as shown in Figure A3.1 [45]. In the work of Cybulskis et al. and Wegener et al., the
white line intensities of their PtIn/SiO2 and PtZn/SiO2 catalysts are also lower than that for their
Pt/SiO2 catalysts [46][47]. Moreover, the Pt L3 edge energy increased by 0.8 eV for Pt-In 0.7 and
1.1 eV for Pt-In 1.4 compared to the monometallic Pt catalyst, and similar results were observed
for PtZn/SiO2 with 0.9 eV higher edge energy than Pt/SiO2. The increase in edge energy indicates
the energy of the unfilled valence 5d states was shifted upward after intermetallic alloy was formed.
From Molecular Orbital (MO) Theory, the energy of the filled valence 5d states should also be
shifted downward consequently and thus lead to less rehybridization of 5d and 6s states of Pt, so
the decrease in white line intensity may be due to higher occupancy of filled valence 5d states [47].
More evidence of electronic modification of Zn on Pt was provided by Resonant Inelastic Xray Scattering (RIXS) experiment performed in Cybulskis et al. [46] Pt L3 XANES incident energy
and Lβ5 emitted energy were measured during RIXS experiment to calculate the energy transfer
(energy difference) between the unoccupied and occupied Pt 5d states. From Figure A3.6, the
maximum energy transfer intensity was measured to be ~4 eV for Pt/SiO2. After Pt1Zn1
intermetallic alloy was formed, the maximum intensity shifted to ~6 eV. The 0.9 eV increase in Pt
L3 edge energy indicated that the energy of unoccupied Pt 5d states of Pt1Zn1 were shifted upward
by 0.9 eV. Therefore, the energy of occupied Pt 5d states of Pt1Zn1 were ~1.1 eV lower than that
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of monometallic Pt catalyst. A schematic calculation was presented in Figure A3.7. It is suggested
that Pt1Zn1 intermetallic alloy formation changed the energy of Pt 5d electrons, which can further
change the relative energy between catalytic Pt 5d valence orbitals in PtZn/SiO2 and the adsorbate
electrons and lead to the increases in TOR and apparent activation energy.
Based on the kinetic results, In and Zn may modify the electronic structure of Pt in addition
to geometrically isolating Pt sites within the intermetallic alloy. TOR of Pt-In catalysts are two to
five times higher than those of Pt catalysts, with apparent activation energies of 95 and 137 kJ mol1

compared to 76 kJ mol-1 for Pt catalysts. The difference in apparent activation energy may reflect

the difference in the intermetallic structure on the catalyst surface because it is suggested that PtIn 0.7 consists of largely Pt3In alloy, while most of the PtIn2 alloy phase is present on the catalyst
surface for Pt-In 1.4. However, both Pt3In and PtIn2 exhibited similar steady-state TOR after 7 h
time on stream. Similar trends were observed in the work of Pt and PtZn. TOR of PtZn/SiO2 are
approximately six times higher than those of Pt/SiO2, with apparent activation energy of 99 kJ mol1

for PtZn/SiO2 compared to 72 kJ mol-1 for Pt/SiO2. It has been shown that apparent activation

energy reflects contributions from both the actual activation energy of the rate-limiting step and
the enthalpy for the adsorption of the reactants and products [62]. Therefore, the apparent
activation energy of ethane dehydrogenation can be described by the following equation,
𝐸𝑎𝑝𝑝 = 𝐸𝑎 + ∆𝐻𝑎𝑑𝑠

Eq. 4

Where 𝐸𝑎𝑝𝑝 is apparent activation energy, 𝐸𝑎 is the activation energy of the rate-limiting step,
and ∆𝐻𝑎𝑑𝑠 is the enthalpy for adsorption of hydrocarbons. Both geometric and electronic
modifications caused by the addition of the second inactive metal can change the values of Ea and
∆𝐻𝑎𝑑𝑠 and thus 𝐸𝑎𝑝𝑝 measured in the experiments. It would be expected that intermetallic
structure on the surface may exhibit lower activation energy to promote ethane dehydrogenation
rate. However, both Pd-In 0.8 and Pd-In 2.0 show higher TOR, more isolated Pd atoms on the
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surface, but higher 𝐸𝑎𝑝𝑝 than Pd-In 0.2, where some adjacent Pd sites may still exist on the
nanoparticle surface. Pt-In catalysts also exhibited higher 𝐸𝑎𝑝𝑝 than that of Pt catalyst, and the
same results were obtained for Pt-Zn catalysts.
From the equation above, it is likely that the 𝐸𝑎 for intermetallic alloy are actually lower,
but the 𝐸𝑎𝑝𝑝 becomes higher because of less negative ∆𝐻𝑎𝑑𝑠 . It has been proposed that the
bimetallic PtSn catalysts exhibited weaker ethylene adsorption with lower initial heat of adsorption
than monometallic Pt catalysts did [34]–[36][63]. Bimetallic PdSn catalysts was also reported to
have an initial heat of adsorption of ethylene approximately 50 kJ mol-1 lower than monometallic
Pd catalyst did at 300 K [64]. In addition, Zhou et al. also demonstrated that PdZn intermetallic
catalysts showed lower initial heat of adsorption of ethylene and acetylene than Pd catalysts did
[65]. Accordingly, it is also reasonable to expect a lower heat of adsorption of hydrocarbons on Pd
and Pt sites within intermetallic structure than on monometallic Pd and Pt catalysts. The coke
deposition has been attributed to result from ethylene readsorption [29]. If the adsorption heat of
ethylene is reduced by the addition of In or Zn, the coke deposition may be mitigated, which would
further keep ethane dehydrogenation TOR for intermetallic catalysts higher than monometallic
catalysts.

3.5 Conclusions
Ethane dehydrogenation was used to study the geometric effect and potential electronic effect
of the second inactive metals (In and Zn) on Pd and Pt supported on SiO2 with similar particle
sizes around 2 to 3 nm. Monometallic Pd catalyst showed only 53.4% C2H4 selectivity at 15%
conversion, while Pd-In catalysts exhibited nearly 99% C2H4 selectivity at the same conversion at
600 C. Initial C2H4 selectivity of Pt catalyst was 73% at 15% conversion, while Pt-In catalysts
demonstrated about 99% C2H4 selectivity under the same reaction conditions. C2H4 selectivity for
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PtZn/SiO2 remained nearly 100% from 8% to 44% conversion. Within the same range of
conversion, Pt/SiO2 showed C2H4 selectivity decreasing from 96% at 5% conversion to 79% at
43% conversion. TOR of intermetallic alloy are two to six times higher compared to the
monometallic Pd or Pt catalysts when measured under the same reaction conditions. Apparent
activation energies were all higher for Pt-containing intermetallic alloy than for the monometallic
Pt catalysts, further confirming the existence of those intermetallic structures on the catalyst
surfaces.
FTIR of adsorbed CO demonstrated that the linear-to-bridge ratio increased with increasing
In loading, indicating less surface adjacent Pd sites. Synchrotron XRD patterns exhibited that PdIn
1:1, Pt3In, PtIn2, and Pt1Zn1 intermetallic alloys were formed in these supported bimetallic
catalysts. The intermetallic structures were verified by XANES and EXAFS experiments,
indicating the changes in Pt edge energies, white line intensities, coordination number and bond
distance. RIXS results showed that the energy difference between the unoccupied and occupied Pt
5d valence orbitals increased from 4.0 eV for Pt/SiO2 to 6.0 eV for PtZn/SiO2. It is proposed that
the Pt or Pd sites geometrically isolated by Zn or In were responsible for the enhanced C2H4
selectivity as the structure-sensitive hydrogenolysis is suppressed by breaking Pt or Pd ensemble
sites. The change in the energy of Pt 5d electrons is suggested to cause the change in the bond
formation between Pt 5d states and adsorbates during ethane dehydrogenation, which led to the
increase in TOR and apparent activation energy.
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CHAPTER 4. EFFECT OF PROTON DENSITY ON KINETICS AND
PRODUCT DISTRIBUTION OVER H-ZSM-5 FOR PROPYLENE
OLIGOMERIZATION

4.1 Introduction

Light alkene oligomerization is a route to produce diesel fuels, the global demand for which
is projected to grow by 21% from 2015 to 2040 [5][66]. It is also one of the promising processes
to utilize the olefins produced from conversion of light alkanes in shale gas. Oligomerization is
highly exothermic with ~84 kJ mol-1 per double bond [67]. For example, propylene dimerization
chemical equation is shown as follows:
2𝐶3 𝐻6 → 𝐶6 𝐻12

Eq. 5

, where the heat of reaction calculated from the heats of formation of the reactant and the product
is –82.82 kJ mol-1.
H-ZSM-5 with MFI framework structure is characterized by its unique shape selective
properties caused by the medium-size pores, favoring the formation of higher olefins with limited
branching features [68]. In the work of Garwood, the shape selectivity of H-ZSM-5 for light olefins
conversion to higher olefins was studied and compared with amorphous silica alumina. Higher
olefins were favored under low temperature (200-260 C) and high pressure (300-1500 psig), while
the shape-selective constraints can be evidenced by more aromatics and highly-branched olefins
over amorphous silica alumina than over H-ZSM-5 [69]. The effects of shape selectivity coupled
with thermodynamics were also examined for propylene and butylene oligomerization into
gasoline and diesel range products, where thermodynamic equilibrium starts to play a significant
role in the molecular weight of the products instead of kinetics after 625 K [70]. Steric constraint
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of H-ZSM-5 on alkene oligomerization was further investigated in Chen et al. In their work, 2,6di-tert-butylpyridine was used to poison the surface acid sites because its molecular size is larger
compared to the channels in H-ZSM-5. Higher olefin products produced by surface-modified HZSM-5 were nearly linear or had a low degree of methyl branching, indicating the steric
requirement comes mainly from inside H-ZSM-5 channels [71].
In addition to shape selectivity, there are other factors that can have an impact on product
distribution and reaction rate for alkene oligomerization. The effect of crystal size of H-ZSM-5
has been studied in literature for alkene oligomerization under high pressure. Yamamura et al. has
demonstrated that H-ZSM-5 with lower crystal size showed longer lifetime during ethylene
oligomerization and higher gasoline range product selectivity because the higher hydrocarbons
grown on the external surface can desorb more easily compared to those formed in the pores [72].
H-ZSM-5 with smaller crystal sizes were also shown to provide higher propylene oligomerization
rate and higher selectivity to true oligomerization products (dimers, trimers, etc.) compared to
those with larger crystal sizes because of less intracrystalline diffusion [73]. However, in the work
of Popov et al., although butene oligomerization initial rate was higher for H-ZSM-5 with smaller
crystal size, faster deactivation was observed for these samples, probably because of more heavy
carbonaceous deposits from hydrogen transfer, aromatization and cyclization reactions on the
external surface without shape selective effect compared in the internal pores. Higher selectivity
to C8 and C12 products for H-ZSM-5 with larger crystal sizes were also reported [74].
Confining environment has been proposed to affect chemical reactions catalyzed by Brønsted
acid sites within aluminosilicates with microporous voids. More van der Waals stabilization of
transition states caused by smaller voids was suggested to cause the increase in first-order rate
constants for methanol dehydration reaction [75]. In the papers of Sarazen et al., the effect of
framework confinement has been studied specifically for reaction rate and selectivity during
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alkene oligomerization. It was found that first-order rate constants increase with decreasing void
diameters because of larger van der Waals interaction between the confining framework and the
transition state structures. Similar propylene consumption rates among MFI and BEA samples with
various Si/Al ratios indicate that the proton sites in the MFI samples were located mostly in
intersections, which have similar pore diameter to that of BEA, ~0.67 to 0.70 nm [76]. The effect
of void environment and channel connectivity on product selectivity has been further studied for
alkene oligomerization. Alkene oligomerization products are required to undergo β-scission to
crack into smaller products in order to egress the void within 3-D microporous frameworks, while
diffusion limitation present in 1-D frameworks is able to prevent the formation of large products.
As diffusion parameter defined based on proton density and crystal size increased, the selectivity
to true oligomerization products (exiting the reactor without further β-scission) decreased because
more Brønsted acid sites can also enhance β-scission contribution in addition to larger crystal size
[77].
Al distribution in channels or intersections has also been suggested to affect reaction rate and
product selectivity because of different spatial constraints. H-ZSM-5 with Brønsted acid sites
mainly present in the intersections of sinusoidal and straight channels in MFI framework were
synthesized with tetrapropylammonium (TPA) and Na cations. Constraint Index (CI) and

27

Al

MAS NMR spectra were used to demonstrate their difference from H-ZSM-5 synthesized by
pentaerythritol and Na cations with acid sites located primarily in the channels [78][79]. Since
MFI zeolites have channels of 0.51-0.56 nm in diameter and intersections of 0.70 nm in diameter,
different confining void effects on propylene oligomerization transition states are expected.
A wide discrepancy in the effect of proton proximity on propylene oligomerization has been
reported in the literature. Mlinar et al. revealed that higher propylene consumption rate per Al site
was observed for H-ZSM-5 with higher Si/Al under the same reaction conditions. H-ZSM-5 with
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lower Si/Al ratio showed higher C6 selectivity than those with higher Si/Al ratio, while no products
higher than C6 was observed during the experiments. Steric constraints caused by nearby adsorbed
oligomers in H-ZSM-5 with lower Si/Al ratio were shown to hinder the formation of trimers by
experimental and quantum chemical analysis results compared to those with higher Si/Al ratio [80].
H-ZSM-5 with paired (AlSiSiAl) protons dominant in MFI framework have been shown to exhibit
2 to 10 times higher propylene oligomerization rate per Al site compared to those with mostly
isolated (AlSin>2Al) protons. This increase in propylene oligomerization rate has been attributed
to faster desorption of alkoxide species on paired proton sites since the positive charges on these
adsorbed species reduce their stability. The author also proposed total concentration of protons as
another parameter to change the reaction rate because propylene oligomerization rate increased
with decreasing Al (H+) concentrations, even with a 10-time increase for H-ZSM-5 with mostly
paired proton sites [81]. Moreover, it has been suggested that higher selectivity to diesel range
products is favored by H-ZSM-5 with higher proton concentrations during propylene
oligomerization under high pressure when crystal size is small (~200 nm), consistent with the
results in the paper published by Mlinar et al. [73][80]
However, different results about the effect of proton concentrations on propylene
oligomerization were reported in Sarazen et al. Similar propylene consumption rate per proton site
were obtained among commercial H-ZSM-5 with Si/Al ratio varying from 14 to 173 from the same
manufacturer under atmospheric pressure, inconsistent with what Mlinar et al. and Bernauer et al.
reported. It was suggested that the proton strength and locations in these commercial MFI samples
should be similar to provide similar confining effect on propylene oligomerization [76][81][73].
Furthermore, higher selectivity to cracking products were observed for H-ZSM-5 with lower Si/Al
ratio since diffusion barrier is higher when proton density is higher, contributing to more secondary
reactions such as cracking, contradictory to the results discussed above [77].
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In this chapter, the effect of proton density on propylene oligomerization will be revisited
under differential conversion (X<10%) over commercial H-ZSM-5 with Si/Al ratio varying from
12 to 140 under total pressure from 1 to 4 bar. These results will also provide valuable information
for the oligomerization catalysts studied in Center for Innovative and Strategic Transformation of
Alkane Resources (CISTAR).

4.2 Experimental Methods

4.2.1 Catalyst Preparation
The ZSM-5 samples were obtained from Zeolyst. They are CBV2314 (Si/Al = 12),
CBV3024E (Si/Al = 17), CBV5524G (Si/Al = 30), CBV8014 (Si/Al = 43), and CBV28014 (Si/Al
= 140) in their ammonium form. All samples were calcined in air at 550 C for 4 h at a ramping
rate of 1 C/min to convert to their H-form by decomposing NH4+ cations.

4.2.2 Kinetic Measurement
Kinetic measurement of propylene oligomerization under 1 bar total pressure was carried out
in a quartz fixed-bed reactor with 1/2- or 3/8-inch ID depending on the catalyst loading. A stainless
steel fixed-bed reactor with 1/2-inch ID was used for propylene oligomerization under total
pressures higher than 1 bar. The weight of the catalysts was varied to achieve desired conversion.
SiO2 (Fisher Chemical, silica gel, 100-200 mesh) was used to dilute the catalyst bed with a weight
ratio of 1:9 as catalyst to dilution or more dilution to avoid extreme exotherm and hot spot in the
catalyst bed. A quartz thermocouple well with 1/8-inch OD and a thermocouple were placed at the
bottom center of the catalyst bed to measure the reaction temperature inside the bed for
experiments under 1 bar total pressure. A stainless steel tubing with 1/8-inch OD and one close
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end was used as a thermocouple well for experiments under total pressures higher than 1 bar. A
furnace connected to a temperature controller is used to heat the reactor and keep the reaction at a
certain temperature.
The catalyst was treated in a 5% O2 in Ar stream at a ramping rate of 1 C/min and kept at
550 C for 5 h before cooling to reaction temperature. 100 cm3/min Ar was used to purge out the
air for 30 min before introducing reaction mixture. The reaction mixture consists of 5% CH4 as the
internal standard, 25-75% C3H6, and balance Ar. During experiments under total pressure higher
than 1 bar, a precision back pressure regulator (Equilibar Research Series) was used to maintain
the desired total pressure. The products were transferred through stainless steel lines (and the back
pressure regulator if under more than 1 bar total pressure), wrapped up with heating tape kept at
130 C to prevent product condensation. A gas chromatograph (GC, Agilent 7890A) equipped with
a 30 m DB-1 column and a flame ionization detector (FID) was used to analyze the products.
Conversion was calculated based on the amount of products formed, and selectivity was calculated
on a per carbon basis.

4.2.3 Catalyst Characterization
Bulk Al and Si contents were obtained by atomic absorption spectroscopy (AAS) using a
Perkin-Elmer AAnalyst 300 instrument. H+/Al ratios of all H-ZSM-5 samples were determined by
NH3 temperature-programmed desorption (TPD) experiments. All commercial NH4-form ZSM-5
samples were exchanged with NH4 cations in 0.1 M aqueous-phase NH4NO3 at 80 C for 8 h. The
solid sample was separated by centrifugation and washed by DI water five times, followed by
drying in the oven at 100 C overnight. The sample was then used for TPD experiments on a
Micromeritics AutoChem II 2920 Chemisorption analyzer with a thermal conductivity detector
(TCD) and Agilent 5975C mass selective detector (MSD) to measure the amount of NH3 evolved
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while heating the sample. 20 to 50 mg of the catalyst was loaded in a U-shape quartz tube
depending on the desorbed NH3 amount. After purging the sample with Ar stream, TPD
experiments were performed under 50 cm3/min UHP He stream, and the temperature was ramped
at 10 C/min from room temperature to 600 C and stayed for 10 min, while NH3 quantity was
monitored by the MSD. Crystal sizes of H-ZSM-5 were measured by scanning electron
microscopy (SEM) on a Hitachi S-4800 Field Emission SEM at Birck Nanotechnology Center at
Purdue University. Prior to imaging, samples were coated with Au-Pd to prevent charging.

4.3 Results

4.3.1 Effect of Proton Density on Product Distribution
Properties of commercial ZSM-5 samples were presented in Table 4.1. Scanning Electron
Microscopy (SEM) images were shown in Figure A4.1. Propylene oligomerization rate measured
in this work was normalized by moles of proton site (H+) based on the values of Si/Al and H+/Al.

Table 4.1 Catalyst information and properties of the H-ZSM-5 samples
Sample

Si/Ala

H+/Alb

Crystal sizec (nm)

H-ZSM-5-12

12

0.94

388

H-ZSM-5-17

17

0.68

706

H-ZSM-5-30

30

0.85

189

H-ZSM-5-43

43

0.85

471

H-ZSM-5-140

140

0.78

782

a.

Si/Al was determined by Atomic Absorption Spectroscopy (AAS).

b.

H+/Al was measured by NH3-temperature programmed desorption (TPD).

c.

Crystal sizes were estimated by Scanning Electron Microscopy (SEM).
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The effect of Si/Al ratio (proton density) on product distribution was studied among all HZSM-5 samples after calcination at 550 C for 5 h. The experiments were carried out under 5%
CH4, 75% C3H6, balance Ar under 1 bar total pressure and 250 C. Catalyst weight was varied to
achieve steady state at 0.6% C3H6 conversion for all samples to compare product selectivity. Most
of the products were alkenes because of the differential conversion the experiments were operated,
minimizing secondary and higher-order reactions such as hydride transfer, cyclization, and
aromatization. Products from C4 to C12 alkenes were detected by GC-FID and the peak areas of
products higher than C12 were negligible from the chromatogram.
The results are shown in Table 4.2. C6 products are dominant among all H-ZSM-5 samples
with the highest selectivity, which is reasonable because most C6 products are primary products
under differential propylene conversion, with only a small part of them originating from cracking
of higher alkenes and re-oligomerization of lower alkenes formed from cracking. These higherorder reactions were minimized by the differential conversion. The second most abundant products
are C9 except for H-ZSM-5-140, which has similar selectivities for C4, C5, and C9 products. The
second highest selectivity for C9 products indicate that most of the C9 products came from further
oligomerization of C3H6 and C6 products. C12 selectivities are similarly low among all samples
compared to C6 and C9 products because partial pressure of C3H6 is not high enough to facilitate
oligomerization to form heavy products. C4 and C5 products are the two most abundant nonoligomer products (C4, C5, C7, C8, C10, C11) and exhibited similar molar ratios among all samples,
implying most of C4 and C5 are generated by cracking of C9 products. Although C9 and C12
selectivities are similar among these samples, C6 selectivity decreased from 70.2% to 43.1% with
Si/Al ratio increasing from 12 to 140, while non-oligomer product selectivities are higher as Si/Al
ratio is higher.
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Table 4.2 Product distribution among H-ZSM-5 samples in propylene oligomerizationa
Sample

a.

Selectivity (%)
C4

C5

C6

C7

C8

C9

C10

C11

C12

H-ZSM-5-12

2.9

3.6

70.2

1.5

2.2

15.7

0.9

1.0

2.0

H-ZSM-5-17

5.4

6.8

58.5

3.4

3.8

15.7

2.3

1.9

2.3

H-ZSM-5-30

4.6

5.8

60.7

2.9

3.4

16.6

1.9

1.6

2.4

H-ZSM-5-43

5.1

6.6

58.5

3.6

3.9

15.7

2.4

2.0

2.4

H-ZSM-5-140

8.8

11.6

43.1

7.7

7.0

9.7

5.8

3.5

2.9

Product selectivities were collected under steady-state 0.6% conversion under 5% CH4, 75% C3H6, balance Ar,
1 bar total pressure, and 250 C after deactivation.

To further understand how the product selectivity changes with conversion and the effect of
Si/Al, H-ZSM-5-12 and H-ZSM-5-140 were selected for comparison after the catalysts achieved
steady state. Figure 4.1(a) shows the relationship between selectivities to oligomer products (C6,
C9, C12) and C3H6 conversion over H-ZSM-5-12. It can be found that C6 selectivity decreased from
70.4% to 40.5% with conversion increasing from 0.7% to 4.7%, while the secondary and tertiary
oligomerization products C9 and C12 showed increasing selecitvities (15.6% to 23.8% and 2.1% to
9.6%, respectively) as conversion increased. On the other hand, Figure 4.1(b) shows the
selectivities to non-oligomer products (C4, C5, C7, C8, C10, C11) increased with increasing
conversion. These results demonstrate that as C3H6 conversion increased, higher-order reactions
such as further oligomerization of C6 products, cracking, and re-oligomerization were also
enhanced for H-ZSM-5-12.
The change of product selectivity with C3H6 conversion over H-ZSM-5-140 is shown in
Figure 4.2. The selectivity to C6 products decreased from 48.3% to 34.3% when conversion
increased from 0.4% to 1.7%, while C9 and C12 selectivities did not change significantly. Within
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the same conversion region, H-ZSM-5-12 demonstrated much higher C6 and C9 selectivities
compared to H-ZSM-5-140. The non-oligomer product selectivities are higher for H-ZSM-5-140
than those for H-ZSM-5-12, indicating H-ZSM-5-140 is not as selective as H-ZSM-5-12 is to
oligomer products as more C3H6 is converted under these reaction conditions.

(a)

(b)

Figure 4.1 Product selectivity vs. C3H6 conversion over H-ZSM-5-12. (a) Oligomer product selectivity vs. conversion
(b) Non-oligomer product selectivity vs. conversion. Product selectivities were collected under steady state under 5%
CH4, 75% C3H6, balance Ar, 1 bar total pressure, and 250 C after deactivation. Conversion was varied by changing
space velocity.
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(a)

(b)

Figure 4.2 Product selectivity vs. C3H6 conversion over H-ZSM-5-140. (a) Oligomer product selectivity vs. conversion
(b) Non-oligomer product selectivity vs. conversion. Product selectivities were collected under steady state under 5%
CH4, 75% C3H6, balance Ar, 1 bar total pressure, and 250 C after deactivation. Conversion was varied by changing
space velocity.

Steady-state results provided above show that oligomer product selectivities are higher when
Si/Al ratio is lower. However, the deactivation levels for these samples after achieving steady state
are different, varying from 30% to 50% deactivation. Therefore, initial selectivity, i.e., the
selectivity at the beginning of time of stream was estimated by extrapolation and compared
between H-ZSM-5-12 and H-ZSM-5-140 when the initial conversions at t = 0 estimated also by
extrapolation were both 1.2%. The results are presented in Table 4.3. The true oligomer selectivity
represents the fraction of C atoms in the converted propylene that are present in C6, C9, and C12
products and exit the catalyst bed without experiencing cracking reaction. Higher true oligomer
selectivity indicates more fraction of C atoms in the converted propylene only undergo
oligomerization pathway without cracking and re-oligomerization. More calculation details can be
found in Sarazen et al. [77] Initial true oligomer selectivity was obtained also by extrapolating to
t = 0.
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From Table 4.3, when the conversion was 1.2% initially at t = 0, 54.1% initial C6 selectivity
were determined at t = 0 for H-ZSM-5-12, while H-ZSM-5-140 only gave 34.4% initial C6
selectivity. Initial C9 selectivity for H-ZSM-5-12 is two times higher than that for H-ZSM-5-140.
Initial true oligomer selectivity for H-ZSM-5-12 was estimated to be 0.70, higher than 0.31 for HZSM-5-140, indicating less cracking of oligomer products occurred over H-ZSM-5 with lower
Si/Al ratio. These results demonstrate that H-ZSM-5 with lower Si/Al ratio still show higher
selectivity to oligomer products (C6, C9, C12) compared to H-ZSM-5 with higher Si/Al ratio even
at t = 0 when the effect of different deactivation levels is eliminated.
Table 4.3 Initial product distribution comparison in propylene oligomerization at 1.2% C3H6
conversion at t = 0a
Initial selectivity (%)
C4

C5

C6

C7

C8

C9

C10

C11

C12

Initial true
oligomer
selectivity

H-ZSM-5-12

4.9

6.1

54.1

3.1

4.1

20.1

2.3

2.2

3.1

0.70

H-ZSM-5-140

10.6

13.3

34.4

9.2

8.2

9.7

6.6

4.4

3.6

0.31

Sample

a.

Product selectivities were determined by extrapolating selectivities to t = 0 under 5% CH4, 75% C3H6, balance
Ar, 1 bar total pressure, and 250 C

4.3.2 Effect of Proton Density on Propylene Oligomerization Kinetics
Propylene oligomerization rate was estimated by propylene consumption rate based on the
amount of C4 to C12 product formation under steady state with conversion below 10% after
deactivation. Reaction conditions of 5% CH4, 25% C3H6, balance Ar at 1 bar total pressure and
250 C was selected to measure propylene oligomerization turnover rate and to compare with the
results reported in Mlinar et al. [80] The results are shown in Figure 4.3. Propylene oligomerization
rate was found to increase from 0.016 to 0.201 mol C3 (mol Al)-1s-1 when Si/Al ratio increased
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from 12 to 140. This trend in increasing reaction rate with increasing Si/Al ratio for H-ZSM-5 is
similar to that in their work. However, it should be noted that their results were not under
differential conversion under the reaction conditions.

Figure 4.3 Propylene oligomerization rate per Al site vs. Si/Al ratio among H-ZSM-5 samples. Rates were collected
under steady state, 5% CH4, 25% C3H6, balance Ar, 1 bar total pressure, and 250 C after deactivation. 7% - 9%
propylene conversion.

Sarazen et al. reported propylene oligomerization turnover rate (TOR) under differential
condition for commercial H-ZSM-5 samples from Zeolyst as what have been used in the present
work and in Mlinar et al., with Si/Al ratio ranging from 17 to 140 [76]. In this study, TOR were
measured under the same reaction conditions as that in their work for comparison, and the results
are shown in Figure 4.4. TOR first increased from 0.018 to 0.042 mol C3 (mol H+)-1s-1 as Si/Al
ratio increased from 12 to 43, and dropped to 0.016 mol C3 (mol H+)-1s-1 for the sample with Si/Al
ratio of 140. The difference in TOR for these samples can be as large as 2.5 times, inconsistent
with the results in Sarazen et al., where similar TOR of 0.005 mol C3 (mol H+)-1s-1 were determined
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for the samples with Si/Al ratio from 17 to 140. Moreover, all H-ZSM-5 samples in this work
exhibited at least 3 times higher TOR compared to those in Sarazen et al. [76]

Figure 4.4 Propylene oligomerization turnover rate (per H+ site) vs. Si/Al ratio among H-ZSM-5 samples. Rates were
collected under steady state, 5% CH4, 75% C3H6, balance Ar, 1 bar total pressure, and 230 C after deactivation. 0.3%
- 2.4% propylene conversion.

Since higher-order reactions can affect the relative amounts of surface intermediates under
different conversions, propylene oligomerization TOR were measured after the catalyst
deactivated to steady-state 0.6% conversion under 5% CH4, 75% C3H6, 1 bar total pressure, and
250 C, as shown in Figure 4.5. Under these reaction conditions, TOR increased from 0.046 to
~0.20 mol C3 (mol H+)-1s-1 as Si/Al ratio increased from 12 to 140, indicating that even under the
same steady-state conversion of 0.6%, TOR can still vary by as large as 4 times among H-ZSM-5
with Si/Al ratio ranging from 12 to 140. It should be noted that the trend in TOR against Si/Al
ratio in Figure 4.5 is different from that in Figure 4.4 because of different reaction temperature and
apparent activation energy among these H-ZSM-5 samples, which will be discussed next.

71

Figure 4.5 Propylene oligomerization turnover rate (per H+ site) vs. Si/Al ratio among H-ZSM-5 samples. Rates were
collected under steady-state 0.6% conversion, 5% CH4, 75% C3H6, balance Ar, 1 bar total pressure, and 250 C after
deactivation.

Apparent activation energy (Eapp) and C3H6 order were measured to study the effect of Si/Al
ratio on kinetics for propylene oligomerization over H-ZSM-5. The results are presented in Figure
4.6 and Figure 4.7, with Eapp and C3H6 order tabulated in Table 4.4. Experiments were performed
after catalyst reached steady state with a conversion below 5%. From Table 4.4, it has been
observed that Eapp increased from 71 to 183 kJ mol-1 as Si/Al ratio increased from 12 to 140,
indicating that energy barrier for propylene oligomerization increases with increasing Si/Al ratio
over H-ZSM-5. Apparent C3H6 order was found to decrease from 0.82 to –0.37 when Si/Al
increased from 12 to 140. The negative apparent C3H6 order for H-ZSM-5-140 is unexpected
compared to what has been reported in literature for alkene oligomerization [76][81][82]. In these
works, first-order behavior was determined for alkene oligomerization. Therefore, more detailed
analysis has been performed to investigate what caused the lower TOR as C3H6 partial pressure is
higher for H-ZSM-5-140.
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Figure 4.6 Arrhenius plot for propylene oligomerization over H-ZSM-5 samples between 220 and 250 C with 5%
CH4, 75% C3H6, balance Ar at 1 bar total pressure. <5% propylene conversion.

Figure 4.7 Apparent reaction order of propylene for H-ZSM-5 with Si/Al ratio ranging from 12 to 140 between 25 and
75 kPa C3H6 with 5% CH4, balance Ar at 1 bar total pressure, and 250 C. <3% propylene conversion.
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Table 4.4 Kinetics obtained for propylene oligomerization over H-ZSM-5 catalysts

a.

Sample

Eapp (kJ mol-1)a

Apparent C3H6 orderb

H-ZSM-5-12

71

0.82

H-ZSM-5-17

103

0.57

H-ZSM-5-30

96

0.57

H-ZSM-5-43

124

0.40

H-ZSM-5-140

183

–0.37

5% CH4, 75% C3H6, balance Ar at 1 bar total pressure and between 220 and 250 C with propylene conversion
<5%.

b.

Calculated from Figure 4.6. 5% CH4, 25-75% C3H6, balance Ar at 1 bar total pressure and 250 C with propylene
conversion <3%.

Based on the selectivity results in Table 4.2, C4, C5, C6, and C9 products are dominant during
the reaction, so these product formation rates were further analyzed by plotting the TOR vs.
P(C3H6). Dashed lines are the linear regression fits of the products with first-order behavior. The
results are shown from Figure 4.8 to Figure 4.12, and the total product formation rate, i.e.,
propylene consumption rate in this work, is shown in Figure 4.13, whose log-scale data are already
shown in Figure 4.7. From these results, it is evident that both C6 and C9 products exhibit firstorder behavior relative to P(C3H6) except for H-ZSM-5-140. C4 and C5 products show similar
formation rates for each H-ZSM-5 sample, consistent with the previous suggestion that C4 and C5
products were mainly fragments produced by cracking of C9 molecules. Furthermore, C4 and C5
formation rates increased as Si/Al ratio increased, and their rates do not change significantly with
propylene partial pressure, except for H-ZSM-5-140. From these results of samples with Si/Al =
12 to 43, it is concluded that the reason for deviation from first-order behavior for higher Si/Al
samples until 43 is mainly that C4 and C5 product formation rates contribute more to total TOR as
Si/Al ratio is higher and their rates do not possess first-order behavior, which caused total TOR
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(see Figure 4.7) to deviate from first-order regression for H-ZSM-5-43, while H-ZSM-5-12, 17,
and 30 still appear to be first-order since their C4 and C5 formation rates account for only small
proportion of their total TOR.
H-ZSM-5-140 does not exhibit any first-order behavior even for C6 products. In contrast, both
C6 and C9 product formation rates appear to be zero-order relative to propylene partial pressure as
shown in Figure 4.12. However, because the C4 and C5 formation rates are lower for higher P(C3H6)
and they account a significant proportion of the total product TOR as shown in Figure 4.13, the
total TOR turned out to decrease as P(C3H6) increased for H-ZSM-140. Based on these results, it
is suggested that H-ZSM-5-140 with higher Si/Al ratio is not as selective to C6 or higher alkene
products as the other H-ZSM-5 samples with lower Si/Al ratio even though H-ZSM-5-140
possessed higher formation rate per H+ site for C6 and C9 products compared to the other samples.
Higher propylene partial pressure can reduce C4 and C5 formation rates and consequently increase
oligomer product selectivity even though C6 and C9 formation rates were not improved by higher
propylene partial pressure. It should also be noted that C4 and C5 did not change as significantly
with P(C3H6) for the other H-ZSM-5 samples as they did for H-ZSM-5-140.
Different deactivation behavior for these H-ZSM-5 samples may affect these kinetic results
since it has not been understood well how H-ZSM-5 deactivate during alkene oligomerization and
what sites still end up contributing to the reaction after deactivation. Moreover, it is also of interest
to study if the first-order behavior remains under higher pressure as what was reported in the work
of Sarazen et al. [76] Therefore, propylene oligomerization under total pressure up to 4 bar was
carried out to further measure apparent propylene reaction order.
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Figure 4.8 Product formation turnover rate during propylene oligomerization vs. partial pressure of propylene over HZSM-5-12 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance Ar at 1 bar total pressure, and 250 C. <3%
propylene conversion.

Figure 4.9 Product formation turnover rate during propylene oligomerization vs. partial pressure of propylene over HZSM-5-17 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance Ar at 1 bar total pressure, and 250 C. <3%
propylene conversion.

76

Figure 4.10 Product formation turnover rate during propylene oligomerization vs. partial pressure of propylene over
H-ZSM-5-30 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance Ar at 1 bar total pressure, and 250 C. <3%
propylene conversion.

Figure 4.11 Product formation turnover rate during propylene oligomerization vs. partial pressure of propylene over
H-ZSM-5-43 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance Ar at 1 bar total pressure, and 250 C. <3%
propylene conversion.
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Figure 4.12 Product formation turnover rate during propylene oligomerization vs. partial pressure of propylene over
H-ZSM-5-140 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance Ar at 1 bar total pressure, and 250 C. <3%
propylene conversion.

Figure 4.13 Propylene oligomerization turnover rate (based on total product formation) vs. partial pressure of
propylene over H-ZSM-5 with Si/Al ranging from 12 to 140 under steady state. 25-75 kPa C3H6, 5 kPa CH4, balance
Ar at 1 bar total pressure, and 250 C. <3% propylene conversion.

Propylene oligomerization under 4 bar total pressure were performed by using a back pressure
regulator (Equilibar) to hold the pressure in the reactor. The back pressure regulator was also
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wrapped with heating tape to keep the temperature at 130 C to prevent product condensation. In
all experiments, total pressure was kept at 4 bar, while propylene partial pressure was varied from
50 to 310 kPa and methane partial pressure was kept at 20 kPa as internal standard. The possibility
that different deactivation patterns of the H-ZSM-5 samples was eliminated by extrapolating
reaction rate to the beginning of the reaction, i.e., time on stream equal to zero. To obtain the initial
rate, an exponential function was used to fit the deactivation profile of propylene oligomerization
rate as shown in the following equation [82][83]:

𝑟 = 𝑎 ∙ 𝑒 −𝑏𝑡 + 𝑐

Eq. 6

In this equation, 𝑟 represents the propylene oligomerization rate. Regression fit was carried out
by Levenberg–Marquardt algorithm (damped least-squares, DLS) with Polymath software. After
parameters 𝑎, 𝑏, and 𝑐 were determined, initial rate was obtained by calculating 𝑎 + 𝑐. Total
product formation rates (propylene consumption rate) and individual product formation rates (C6,
C9, C4, and C5) were calculated individually from their fit results. H-ZSM-5-12, H-ZSM-5-43, and
H-ZSM-5-140 were selected for comparison under 4 bar total pressure. The initial product
formation rates are presented from Figure 4.14 to Figure 4.16, and total TOR is shown in Figure
4.17.
From Figure 4.14 and Figure 4.17, H-ZSM-5-12 still showed first-order behavior for C6 and
C9 product formation rates and total TOR relative to propylene partial pressure. C4 and C5 product
formation rates only changed slightly with propylene partial pressure and exhibited much lower
rates compared to C6 products, leading to first-order behavior for total TOR. Figure 4.15 shows C6
and C9 product formation rates deviated slightly from first-order behavior, consistent with the
results obtained under 1 bar for H-ZSM-5-43. Even though the deviation is small for C6 and C9,
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C4 and C5 product formation rates are comparable to C6 product formation rate especially during
low P(C3H6) region, causing the total TOR to deviate from first order as shown in Figure 4.17
Based on Figure 4.16, H-ZSM-5-140 did not exhibit first-order behavior for C6 or other
product formation rates, similar to the results under 1 bar. However, C6 product formation rate
increased slightly from 0.048 to 0.067 mol C6 (mol H+)-1s-1 when P(C3H6) increased from 50 to
310 kPa. The trends in rates for C4 and C5 are similar to those under 1 bar, showing decreasing
product formation rates with increasing propylene partial pressure. Therefore, the total TOR
(propylene consumption rate) shows a slight decrease with increasing propylene partial pressure
as indicated in Figure 4.17. It is suggested that propylene reaction order appeared to be zero order
for H-ZSM-5-140 after eliminating the effect of deactivation, while the conclusions for H-ZSM5-12 and 43 were the same as those under 1 bar total pressure.

Figure 4.14 Initial product formation turnover rate during propylene oligomerization vs. partial pressure of propylene
over H-ZSM-5-12 at t = 0. 50-310 kPa C3H6, 20 kPa CH4, balance Ar at 4 bar total pressure, and 250 C. <10% initial
propylene conversion.
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Figure 4.15 Initial product formation turnover rate during propylene oligomerization vs. partial pressure of propylene
over H-ZSM-5-43 at t = 0. 50-310 kPa C3H6, 20 kPa CH4, balance Ar at 4 bar total pressure, and 250 C. <10% initial
propylene conversion.

Figure 4.16 Initial product formation turnover rate during propylene oligomerization vs. partial pressure of propylene
over H-ZSM-5-140 at t = 0. 50-310 kPa C3H6, 20 kPa CH4, balance Ar at 4 bar total pressure, and 250 C. <10% initial
propylene conversion.
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Figure 4.17 Initial propylene oligomerization turnover rate (total product formation) vs. partial pressure of propylene
over H-ZSM-5 with Si/Al of 12, 43, and 140 at t = 0. 50-310 kPa C3H6, 20 kPa CH4, balance Ar at 4 bar total pressure,
and 250 C. <10% initial propylene conversion.

4.4 Discussion

4.4.1 Effect of Proton Density on Product Distribution
In propylene oligomerization under 1 bar total pressure, products from C4 to C12 olefins were
observed under differential conversion. Among them, C6, C9, C4, and C5 products are the most
abundant, indicating propylene dimerization, trimerization, and C9 cracking are the dominant
reactions under the given reaction conditions. However, products from C6 and C12 can be produced
by both higher-order oligomerization and cracking from smaller or larger hydrocarbons. Cracking
in the present work means β-scission, a reaction where the next nearest carbon-carbon bond
relative to the carbenium ion with positive charge is broken [84]. Since it has been known that the
relative stability of alkyl carbenium ions increases from primary to tertiary alkylcarbenium ions,
products smaller than C6 do not tend to undergo cracking.
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It has been shown that H-ZSM-5 with lower Si/Al ratio produce higher selectivities to
oligomer products (C6, C9, C12) and lower selectivities to non-oligomer products (C4, C5, C7, C8,
C10, C11) under the same propylene conversion of 0.6% or under conversion varying from 0.4% to
4.7%. Initial product selectivities and true oligomer selectivities were also calculated at 1.2%
conversion at t = 0, showing the same results after possible effect of catalyst deactivation on
selectivities were eliminated. These results are consistent with the works in Mlinar et al. and
Corma et al., where selectivities to oligomer products were shown higher when proton
concentration is higher [73][80]. However, it was reported that H-ZSM-5 with high Si/Al ratio
showed higher true oligomer selectivity, the fraction of C atoms in the converted propylene that
are present in C6, C9, and C12 products and exit the catalyst bed without experiencing cracking
reaction [77], indicating the selectivities to C6, C9 and C12 products are higher when Si/Al ratio is
higher and farther away from binomial distribution resulting from multiple sequential cracking and
oligomerization reactions. Therefore, true oligomer selectivity was calculated for H-ZSM-5-12
and H-ZSM-5-140 under conversion from 0.4% to 4.7%, while true oligomer selectivities under
0.3-2.4 % conversion were also compared among H-ZSM-5 with various Si/Al ratios. The results
are shown from Figure 4.18 to Figure 4.20.
To measure the true oligomer selectivity under different propylene conversion, 5% CH4, 75%
C3H6, balance Ar was fed at 1 bar total pressure and 250 C, and the data points were collected
after steady state was achieved and conversion was varied by changing space velocity. From Figure
4.18, true oligomer selectivity for H-ZSM-5-12 decreased from 0.84 to 0.66 as propylene
conversion increased from 0.7% to 4.7%, indicating higher conversion could lead to more higherorder reactions that decreased the fraction of true oligomer. H-ZSM-5-140 showed much lower
true oligomer selectivity, which decreased from 0.45 to 0.30 when propylene conversion increased
from 0.4% to 1.7%. This result indicates that secondary and higher-order reactions were enhanced
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when Si/Al ratio is higher. Figure 4.19 shows the true oligomer selectivity obtained at 230 C for
all H-ZSM-5 samples and demonstrates that true oligomer selectivity increased with decreasing
Si/Al ratio. Figure 4.20 further exhibits the same trend that true oligomer selectivity increased with
decreasing Si/Al ratio even under the same propylene conversion at 0.6% after steady state was
achieved, which precludes the effect of different conversion levels on product selectivity. These
results contradict with those in Sarazen et al., where true oligomer selectivity was found to increase
from ~0.35 to ~0.57 as Si/Al ratio increased from 17 to 140 over H-ZSM-5 under 58 kPa C3H6 and
230 C [77]. It has been suggested by the authors that more diffusion can enhance the secondary
and higher-order reactions and decrease the true oligomer selectivity in H-ZSM-5 with more
Brønsted acid sites. However, higher proton concentration also means more active sites for the
primary propylene oligomerization step. More studies need to be done to determine that higher
acid site concentration can contribute more to true oligomer or to other higher-order reactions. In
the present study, these product distribution results indicate that higher Brønsted acid site
concentration can improve oligomerization selectivity without increasing cracking selectivity
under the given reaction conditions. It should be noted that higher Brønsted acid site also means
more protons in proximity or adjacent protons present in H-ZSM-5 as reported in [85]. However,
more research is required to distinguish between the effect of Si/Al ratio and the effects of other
potential factors such as Al distribution in the channels or intersections, paired or isolated proton
site, and crystal size, mentioned in the introduction of this chapter.
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Figure 4.18 True oligomer selectivity for propylene oligomerization vs. propylene conversion over H-ZSM-5-12 and
H-ZSM-5-140. Product selectivities were collected under steady state with 5% CH4, 75% C3H6, balance Ar, 1 bar total
pressure, and 250 C after deactivation. Conversion was varied by changing space velocity.

Figure 4.19 True oligomer selectivity for propylene oligomerization vs. Si/Al ratio over H-ZSM-5. Product
selectivities were collected under steady state with 5% CH4, 75% C3H6, balance Ar, 1 bar total pressure, and 230 C
after deactivation. 0.3-2.4% propylene conversion.
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Figure 4.20 True oligomer selectivity for propylene oligomerization vs. Si/Al ratio over H-ZSM-5. Product
selectivities were collected under steady-state 0.6% conversion with 5% CH4, 75% C3H6, balance Ar, 1 bar total
pressure, and 250 C after deactivation.

4.4.2 Effect of Proton Density on Propylene Oligomerization Kinetics
Discrepancy exists in propylene oligomerization rates reported in literature. The relationship
between rate and Si/Al reported here matches with the results in Mlinar et al. and Bernauer et al.
[80][81] Propylene oligomerization rate was found to increase with increasing Si/Al ratio for HZSM-5 samples whether paired or isolated Al sites are predominantly present in the sample.
However, propylene consumption rate was reported to be similar among H-ZSM-5 with Si/Al ratio
between 17 and 140 in Sarazen et al. [76] When compared under the same reaction conditions, the
rates in the current study are all more than 3 times higher than those in Sarazen et al., and the rate
varied from 0.16 to 0.42 mol C3 (mol H+)-1s-1 for Si/Al ratio ranging from 12 to 140. The rates still
did not match those in Sarazen et al. after possible effect of different conversion levels was
precluded by results measured under steady-state 0.6% conversion. Molecular crowding effect
may be one of the reasons for lower rate per proton as Si/Al ratio is lower because the open pore
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volume cannot accommodate a trimer adsorbed on every Brønsted acid site in H-ZSM-5, and it is
possible that not every Brønsted acid site is turning over the reactants [80]. It has been shown that
adjacent Brønsted acid sites in H-ZSM-5 results in more pronounced polarization of reactants in
alkane cracking, and higher cracking TOR for H-ZSM-5 with more adjacent Brønsted acid sites
were reported compared to those with mostly isolated Brønsted acid sites [85]. However, there are
still other possibilities that can affect propylene oligomerization rate such as crystal size,
concentrations of paired and isolated proton sites and proton locations in the channels or
intersections in MFI structure [78][79][81]. Different reaction rates are reasonable if those factors
proposed in the literature are significant. Considering the effect of confining environment,
transition state associated with the proton sites located in the channels of MFI structure is expected
to experience more stabilization by more effective van der Waals interaction with MFI framework
[76].
Apparent activation energy and propylene order were determined under the same reaction
conditions as in Sarazen et al. It was shown that apparent activation energy and propylene order
can change systematically with Si/Al ratio, with increasing apparent activation energy and
decreasing propylene order as Si/Al ratio increased. The higher apparent activation energy may
indicate higher energy barrier to oligomerize propylene for H-ZSM-5 with higher Si/Al ratio,
which is in agreement with the lower C6 selectivity obtained from those samples. First-order
behavior was reported for H-ZSM-5 with Si/Al ratio between 17 and 140 in Sarazen et al. [76] In
the present work under 1 bar total pressure, C6 and C9 formation rates correlated with first order
for H-ZSM-5 samples except for H-ZSM-5-140, but only H-ZSM-5-12, 17, and 30 showed firstorder behavior for propylene consumption rate because the other samples had higher C4 and C5
formation rates (Figure 4.8 to Figure 4.13). Similar correlation between propylene order and Si/Al
was obtained after influences of different deactivation levels or site blocking by heavy products
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were eliminated by extrapolating to initial reaction rate at zero time on stream under similar
propylene partial pressure range to that in Sarazen et al. (Figure 4.14 to Figure 4.17)
These changes with Si/Al ratio may reflect the stability of alkoxide species. Xu et al. has
reported that apparent activation energy of propane dehydrogenation increased with increasing
Si/Al ratio over MOR and BEA, and attributed the change to the stability of alkoxides associated
with Brønsted acid sites [86]. Differences in both proton proximity and confinement framework
can change the stability of alkoxide and have different impact on the transition state, leading to
changes in reaction rate and thus propylene order besides apparent activation energy. Based on
individual product formation rates from Figure 4.8 to Figure 4.17, it can be found that Si/Al ratio
can alter the effect of propylene partial pressure on the formation rates of C4 and C5 products. HZSM-5 with higher Si/Al ratio exhibited higher contribution of C4 and C5 formation rates to total
product formation rate (propylene consumption rate), which was also reflected by the higher
cracking product selectivity for H-ZSM-5 with higher Si/Al ratio. Therefore, the change in
propylene order may result from mainly the promotion of cracking product formation by H-ZSM5 with higher Si/Al ratio.

4.5 Conclusions

Propylene oligomerization kinetics and product distribution were measured over H-ZSM-5
with Si/Al ratio varying from 12 to 140 under differential conversion. H-ZSM-5 with lower Si/Al
ratio produced higher oligomer product selectivity (C6, C9, C12) and lower non-oligomer selectivity
(C4, C5, C7, C8, C10, C11) under the same steady-state conversion, similar to the results of initial
product selectivity and true oligomer selectivity obtained by extrapolating to zero time on stream
at 1.2% conversion. True oligomer selectivity obtained at steady state decreased from 0.84 to 0.66
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as propylene conversion increased from 0.7% to 4.7% for H-ZSM-5-12, while H-ZSM-5-140
exhibited much lower true oligomer selectivity, from 0.45 to 0.30, under conversion between 0.4%
and 1.7%. These results are consistent with those reposted in Mlinar et al. and Corma et al. but
contrary to those found in Sarazen et al.
At 1 bar total pressure, propylene oligomerization rate per Al site was shown to increase with
increasing Si/Al ratio under 25 kPa C3H6 and 250 C. This trend is consistent with the results in
Mlinar et al. However, propylene oligomerization rate per proton site varied from 0.016 to 0.042
mol C3 (mol H+)-1s-1 among H-ZSM-5 with Si/Al ratio between 12 and 140, incompatible with the
results in Sarazen et al. under 75 kPa and 230 C. Under 75 kPa C3H6, the determined apparent
activation energy increased from 71 for H-ZSM-5-12 to 183 kJ mol-1 for H-ZSM-5-140, indicating
a higher energy barrier to oligomerize propylene for H-ZSM-5 with higher Si/Al ratio. Apparent
propylene order was measured under 250 C between 25 and 75 kPa C3H6, where the order
decreased from 0.82 for H-ZSM-5-12 to –0.37 for H-ZSM-5-140. Individual product formation
rates under 1 bar total pressure revealed that C6 and C9 products show first-order behavior for HZSM-5 with Si/Al ratio from 12 to 43. C4 and C5 product formation rates account for a significant
fraction of the total product formation rate, leading to negative zero apparent propylene order for
H-ZSM-5-140. Initial rates measured for apparent propylene order between 50 and 310 kPa C3H6
to compare with the results in Sarazen et al. showed similar results after the effect of catalyst
deactivation was precluded. These results imply that higher proton density is crucial to higher
selectivities to C6, C9 and C12 oligomers for H-ZSM-5.
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APPENDICES

Appendix for Chapter 2

Table A2.1 Background experiments and experiments with 2%Mn/5%Na2WO4/SiO2.

a.

Mass

Conv., %

Balance, %

CO

CO2

C2H4

C2H6

800a

41.9

92

23.4

33.2

32.0

11.4

730a

13.9

94

27.0

29.3

19.9

23.8

720a

11.0

95

25.2

34.5

15.5

24.8

730b

1.7

100

51.6

33.9

2.2

12.3

720b

1.0

100

32.9

48.9

2.6

15.7

0.2 g 2%Mn/5%Na2WO4/SiO2 catalyst (100-125 mesh) was loaded and quartz chips (0.25-1.4mm) was used to
fill up the reactor

b.

Selectivity, %

Methane

T,°C

Reactor filled with only quartz chips (0.25-1.4mm)
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Figure A3.1 Pd K-edge XANES for Pd-In 2.0 catalyst and Pd foil. The catalyst was reduced in 4% H 2/He for 30 min
at 600 °C and cooled down to room temperature in He flow before spectra were collected. [45] - Adapted by permission
of The Royal Society of Chemistry.

Table A3.1 EXAFS fitting parameters for Pd-In catalysts [45]
Sample
name
Pd-In 0.2

Pd-In 0.8

Pd-In 2.0

Absorption
edge

Coordination
number

Pd

10.8

2.78

5

In

7.9

2.80

5

Pd

10.1

2.76

9

In

5.1

2.75

5

Pd

7.6

2.79

5

In

3.7

2.80

5

[45] - Adapted by permission of The Royal Society of Chemistry.

Bond distance Debye Waller
(Å)
Factor σ2 (10-3)
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Figure A3.2 Background subtracted synchrotron XRD patterns of Pd-In catalysts measured in He at room temperature
after reduction in 3% H2/Ar at 600 °C. [45] - Adapted by permission of The Royal Society of Chemistry.

Figure A3.3 Simulated XRD patterns of various possible Pd-In alloy phases. MAUD software was used to generate
the simulated patterns with crystallographic information files (cif). Instrumental setting was based on the experimental
parameters in APS Sector 11-ID-C synchrotron X-ray with wavelength λ=0.11798 Å. [45] - Adapted by permission of
The Royal Society of Chemistry.
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(a)

(b)

Figure A3.4 Crystal structures of (a) Pd and (b) PdIn 1:1 intermetallic alloy. The grey atoms are Pd, and the purple
atoms are In. The dark line in each figure indicates the shortest distance between Pd and its nearest neighboring atom.
[45] - Adapted by permission of The Royal Society of Chemistry.

Figure A3.5 Schematic core-Pd/shell-PdIn model proposed to describe the nanoparticle structures of Pd, Pd-In 0.2,
Pd-In 0.8, and Pd-In 2.0 catalysts. [45] - Adapted by permission of The Royal Society of Chemistry.
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Table A3.2 EXAFS fitting parameters for Pt-In catalysts [47]
Sample name

Edge

XANES edge
energy (keV)

Scattering pair

Pt

Pt

11.5640

Pt-Pt

8.4

2.76

Pt

11.5648

Pt-Pt

5.7

2.79

Pt-In

3.3

2.79

In-O

0.8

2.11

In-Pt

3.5

2.79

Pt-Pt

4.4

2.79

Pt-In

5.1

2.74

In-O

0.7

2.14

In-Pt

2.9

2.74

Pt-Pt

12

2.77

Pt-In 0.7

In

27.9402

Pt
Pt-In 1.4

Pt foil

11.5651

In

27.9402

Pt

11.5640

Pt

Coordination
Bond
number
distance (Å)

PtZn

Exp

Figure A3.6 RIXS planes for 9.70 wt% Pt/SiO2 and 9.53 wt% Pt – 9.28 wt% Zn/SiO2. Different colors represent
different intensities as shown on the right. [46]

DFT

104

Figure A3.7 Change in energy difference between the unoccupied and occupied Pt 5d valence bands for Pt/SiO2 and
PtZn/SiO2. [46]
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H-ZSM-5-12

H-ZSM-5-17

H-ZSM-5-30

H-ZSM-5-43

H-ZSM-5-140
Figure A4.1 SEM images of commercial H-ZSM-5 from Zeolyst.

106

VITA

Han-Ting Tseng graduated from National Taiwan University in 2012 with a Bachelor’s degree
in Chemical Engineering. During his undergraduate years, he received four times academic awards
within four semesters for being the top 5% of the class. After he came to Purdue University to
pursue Ph.D. degree, he joined Prof. Fabio Ribeiro’s group to study heterogeneous catalysis. HanTing has been involved in a series of projects related to natural gas conversion, such as oxidative
coupling of methane over metal oxide catalyst, ethane dehydrogenation over bimetallic catalysts,
and propylene oligomerization over H-ZSM-5. His work focuses on studying the active site of the
catalyst with kinetics and various characterizations. Han-Ting presented some of his projects in
Catalysis Club of Chicago (CCC) in 2015, 25th North American Meeting (NAM) of the Catalysis
Society, and 2017 AIChE Annual Meeting. Moreover, he received Purdue Eastman Summer
Graduate Fellowship for Chemical Engineering in 2015 for his work on chemistries related to shale
gas utilization. Upon the completion of his Ph.D., Han-Ting plans to work as a Process Engineer
focusing on metal thin film deposition at Intel.

